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 In this work, the effects on hydrogen permeation of various operating conditions and support 
materials are explored. The primary topic explored was focused on the viability of pure Pd films to be 
used in ammonia decomposition catalytic membrane reactors. In such a reactor, the Pd membrane is 
surrounded by an ammonia decomposition catalyst, which allows hydrogen to be removed simultaneously 
as the decomposition occurs. To this end, the first section details effects on hydrogen permeance from 
nitrogen and ammonia adsorption. Essentially, no effects were observed and Pd is proposed as a potential 
candidate without any alloying or protective actions. The second topic then explores a peculiar effect on 
hydrogen permeation due to high-pressure gas exposures. It is observed that at pressures of 3.0 MPa, inert 
gases such as argon can assist in surface morphological changes that affect hydrogen permeation by 
smoothening. This appears to anneal surface defects, which negatively affects the hydrogen rate of 
sorption into the palladium films. The document then proceeds to study the effects of support materials, 
wherein permeating hydrogen was observed to reduce a MgO/MgAl2O4 support and cause Mg to alloy 
with the Pd film. The Mg was observed to segregate to the surface of the Pd film and essentially block all 
hydrogen permeation by not allowing contact with Pd. Finally, a strategy for sealing defects in supported 
Pd films is detailed wherein a low melting point ceramic frit is mixed with water and dripped onto the 
defect. This is then fired under an inert atmosphere at the frit melting temperature whereat the frit melts 
into the defect and completely seals the hole. This allows large defects on a fabricated Pd membrane to be 
sealed, thus salvaging an otherwise ruined membrane. Furthermore, the sealed membrane was tested for 
an extended duration in an ammonia decomposition membrane reactor to prove its utility as a sealing 
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1.1   Overview 
 
 Hydrogen production has become an increasingly important field due to the rise of fuel cells and 
the search for a renewable source of energy. Yet, simply producing the hydrogen is not enough. It must 
also be separated from the various other effluent gases, whether the hydrogen comes from natural gas, a 
petroleum source, or is split from water. Various membrane technologies include porous silica 
membranes that rely on molecular sieving and dense technologies wherein the hydrogen is transported 
through a metal or ceramic lattice. Because of their perfect selectivity toward hydrogen, dense membranes 
using either certain metals or proton conducting ceramics have remained a topic of great interest for 
decades.  
 In this work, the use of palladium-based composite membranes will be detailed with emphasis on 
their application in ammonia decomposition catalytic membrane reactors. A catalytic membrane reactor 
(CMR) is a device in which a reaction is coupled with separation of one or more gases within a single 
module. In the case of ammonia decomposition, this means that a palladium film is surrounded by a 
catalyst bed and ammonia is decomposed into hydrogen and nitrogen while hydrogen is simultaneously 
separated by diffusion through the Pd membrane. 
 First, this chapter will detail types of gas separation mechanisms and then discuss why palladium 




nitrogen and ammonia on Pd to answer the question of whether Pd will perform well under ammonia 
decomposition conditions. Chapter 3 discusses a peculiar effect of high-pressure gas exposure on the 
surface morphology of Pd films, but still concludes that low-pressure exposures (< 1 MPa) should be 
stable for Pd membrane operation. Chapter 4 looks at the effects of the ceramic support that Pd films are 
plated onto, showing how differing support materials can ruin membrane performance. And finally, 
chapter 5 will detail a method of sealing larger defects in thin-film Pd composite membranes, which 
concludes in the demonstration of a sealed thin-film Pd membrane in an ammonia decomposition 
membrane reactor.  
 
1.2  Gas transport mechanisms 
 
 One of the primary reasons for the continued interest in these dense membranes is the perfectly 
selective nature of hydrogen transport. Unlike other methods of separation, both dense metallic and dense 
ceramic membranes have a transport mechanism for hydrogen that cannot be used by other gases such as 
nitrogen or even helium. To understand this, we must first review the methods of gas transport within 
various membrane technologies. 
 Transport mechanisms in hydrogen separation membranes can be classified into five primary 
regimes (Figure 1.1): (I) viscous flow, (II) Knudsen diffusion, (III) molecular sieving, (IV) surface 
diffusion and (V) solution-diffusion. Remember that within any one membrane, it may be possible to 
have contributions from multiple regimes, such as a surface modified microporous membrane. 
(I) Viscous flow: This regime is the resultant flow when a membrane has pores so large that gas 
molecules do not interact significantly with the membrane during transport – as such, no effective 
separation of differing gas molecules can be achieved. 
(II) Knudsen diffusion: If the pore size is reduced to the point where its radius is smaller than 
the mean free path of the gas molecules, Knudsen diffusion begins to dominate. In this regime, 
transport is controlled by the reciprocal of the square root of the molecule's mass and a separation 
factor between two gases can be achieved based on the equation: = /  (1.1) 
(III) Surface diffusion: If the pores of a membrane are modified to adsorb hydrogen, a surface 
diffusion mechanism can potentially greatly increase the separation factor over an unmodified 
support. For instance, Uemiya and coworkers coated various noble metals including Ru [1], Rh 




vapor deposition (CVD) and achieved enhanced hydrogen transport due to surface diffusion of 
hydrogen across a network of metal particles. Depending on the metal, this enhanced the H2/N2 
selectivity from near Knudsen to anywhere from 80 to 240 at 773 K. 
(IV) Molecular sieving: Once the pore size approaches that of the individual gas molecules, 
transport is highly biased by the size of the gas molecule and is known as molecular sieving. 
Although hydrogen is one of the smallest gas species, it remains impossible to be perfectly 
selective because helium and neon are smaller. Theoretical selectivity, however, is infinite for any 
gas molecule larger than hydrogen if the pores are perfectly formed. This is the primary 
mechanism of separation used in microporous silica membranes, but technical challenges of 
fabricating a perfect pore size distribution prevent high hydrogen flux and perfectly selective 
membranes from being formed. 
(V) Solution-diffusion: This method of transport is based entirely on the solubility and 
diffusivity of certain gases within a solid material. Both dense metals and polymers fall under this 
category, wherein hydrogen must absorb into the material and diffuse through the membrane 
before desorbing on the permeate side. Polymer membranes tend to suffer from low selectivity 
because they often allow for other gas species, particularly CO2, to transport as well. Due to the 
high solubility of CO2, most polymers have CO2/H2 separation factors of order one, despite the 
significant size difference. The dense metallic membranes, on the other hand, have a transport 
mechanism based on atomic hydrogen that no other gas molecule or atom can partake. This is the 
reason dense metallic membranes are theoretically perfectly selective. 
 




 Essentially, mechanisms I to IV can never be perfectly selective toward hydrogen transport 
because pores that other gas molecules can penetrate will always exist. The best one can achieve is perfect 
selectivity for gases larger than hydrogen, which is the goal of the work on microporous silica membranes. 
These membranes are typically formed by either CVD or sol-gel processes, creating a network of pores 
approximately one nm in diameter. It has been shown that these membranes can offer relatively high 
hydrogen selectivities for certain gases, but suffer from much lower selectivity for gases close to the size 
of hydrogen. Tsuru et al. [4], for example, obtained an H2/N2 ratio of 720, but the H2/H2O ratio was only 5 
to 40. Other groups have also observed that hydrogen selectivity increased with increasing size of the 
comparison gas [5–9].  
 The best selectivity reported in the literature for silica microporous membranes appears to be 
from the work of Gu and Oyama [10] when they obtained an H2/CH4 ratio of 5500 which would be very 
competitive for membrane work on steam methane reforming. Unfortunately, another issue with silica-
based membranes is the densification of the pore network under steam atmospheres [11]. Because 
densification tends to decrease pore size, this densification is unlikely to affect the selectivity of these 
membranes, but the total hydrogen throughput may be greatly diminished. Although work has progressed 
regarding tolerance to steam, technical challenges remain in solving this issue at higher temperatures that 
have thus far prevented a stable high flux and high selectivity membrane from being realized.  
 
Table 1.1 Various gases, their molecular diameters and H2 selectivity for specific membrane sample 
studies. Molecular diameters calculated using either a) Lennard-Jones potentials [12,13], or b) 

























He 0.256a 4.003 1.40 44 0.25 0.5 – 
Ne 0.275a 20.18 3.15 – – 10 – 
H2 0.293a 2.032 1.00 1 1 1 1 
H2O 0.296b 18.02 2.98 – 22 – – 
NH3 0.326b 17.03 2.89 – – – – 
CO2 0.330a 44.01 4.65 – – 1250 29 
Ar 0.340a 39.95 4.43 – – – – 
CO 0.362b 28.01 3.71 – – 5000 – 
N2 0.370a 28.01 3.71 198 80 4700 341 
CH4 0.376a 16.04 2.81 – 110 5500 278 





 The only mechanism of transport in membranes that has the potential to be perfectly selective for 
hydrogen transport over all other gases is the solution-diffusion regime. This regime is what dominates in 
polymer membranes as well as how hydrogen transports through dense metals. Both dense metals and 
proton-conducting ceramics follow a dissociative transport mechanism for hydrogen in which the H2 must 
first be broken into individual H-species for transport. The proton and electron of the H-species travel 
together through dense metal membranes whereas the electron is transported via an external circuit while 
the proton diffuses through the ceramic-based membranes by the Grotthus mechanism [16]. Dense 
polymer membranes, on the other hand, do not require dissociation of H2 and can be viewed as allowing 
the bulk molecule to diffuse through nano-scale gaps in the polymer structure. 
 The issue with polymer membranes is that absorption into the polymer matrix is only partially 
selective to hydrogen because multiple gas species may absorb into the bulk, which can ultimately reduce 
selectivity. One of the best results for dense polymer membranes is from the work of Wijenayake et al. 
[15] who combined high permeability ZIF-8 adsorbent particles with a cross-linked 6FDA-durene 
polymer to increase selectivity while maintaining a hydrogen permeability of 500 Barrer (1.67 × 10-13 mol 
m m-2 s-1 Pa-1). Yet, even with the good selectivity toward nitrogen, the selectivity of hydrogen toward 
carbon dioxide was low. Although this polymer may not allow for significant nitrogen absorption, like 
most polymers capable of hydrogen transport it has a high solubility for CO2 that allows for its passage. 
To illustrate the difference in hydrogen transport properties between membrane technologies, we can 
consider some recent results for several hydrogen transport membrane technologies (Table 1.2). In 
addition, for a more detailed overview of competing hydrogen separation technologies the reader is 
referred to a recent review by Li et al. [17]. 
 
Table 1.2 Summary of performance characteristics for several membrane technologies. Select data taken 
from Al-Mufachi et al. [18]. Dense metallic membrane data represents recent thin-film fabricated 
membranes, giving imperfect selectivity. Hydrogen flux given at a driving force of 100 kPa. 
 Porous Carbon Micro-porous 
ceramic 
















500–900 200–600 < 100 300–600 600–900 
H2 selectivity 4–20 1–5000 4–400 102–104 102–104 
H2 flux  
(mol m-2 s-1) 




 In the end, the only membranes that can be perfectly selective for hydrogen must involve a 
transport mechanism for either protons or atomic hydrogen. Whereas it can certainly be argued that the 
benefits of the cheap materials cost for polymers and silica m
applications using imperfect separations, 
materials stems from the theoretically superior separation properties over other technologies. 
 
1.3   Palladium and the solution-diffusion mechanism
 
 
 Although the solution-diffusion mechanism
case of dense metal membranes this mechanism becomes perfectly selective to hydrogen transport. The 
reason for this high selectivity is that
through the metal lattice (Figure 1.2
(I) the gas adsorbs onto the metal su
atoms, (III) each atom then absorbs into the metal and diffuses to the far side, (IV) the atoms recombine 
on the surface into an adsorbed hydrogen molecule, and (V) the hydrogen molecule final
the purified hydrogen permeate.  
 In general, the hydrogen permeability in metals can 
permeability coefficient, πH, is the product of the solubility and diffusivity.    
DSH   
Assuming equilibrium at the gas/metal interfaces, the flux, 
determined using Fick’s law. The solution to this being
law. 
 
Figure 1.2 Schematic of membrane operation for dense metal membranes compared to a porous 
membrane. Reprinted from Uemiya et al.
6 
ay give rise to potential industrial 
the research focus on dense metals such as Pd
 
 applies to dense polymer membranes as well, in the 
 hydrogen is not transported as a gas, but rather as individual 
). During transport, the feed hydrogen gas goes through several steps: 
rface, (II) the hydrogen molecule dissociates into two adsorbed 
be described by Eq. 1.2, which states that the 
 
J, of molecular hydrogen through Pd can be 
 Eq. 1.3, which is commonly known as Sievert
 
 [19] with permission of Springer. 
 as membrane 
 
atoms 






 n PHn FHH PPLJ ,2,2 

 (1.3) 
In this equation, the flux, J, is determined by using the permeability of the metal, πH, along with its 
thickness, L, and the pressure gradient of hydrogen between the feed, n FHP ,2 , and permeate, 
n
PHP ,2 , sides. 
The pressure exponent, n, also known as the Sieverts exponent, is known to vary between 0.5 and 1, 
depending on what portion of transport is rate limiting. Bulk diffusion limitations, for instance, will result 
in a square root dependence, whereas surface adsorption/desorption limitations will result in a dependence 
of unity. 
 As early as the 1930s, the solubility of hydrogen in palladium and other metals was investigated 
by several groups, including those of Gillespie [20] and Sieverts [21–23] as reviewed by Lewis [24].  In 
their work, it was determined that the hydrogen solubility in Pd was proportional to the square root of the 
equilibrium hydrogen pressure. This can be rationalized by remembering that the transport mechanism of 
H2 gas through these membranes occurs via dissociation and transport of two individual H-atoms in the 
bulk. Thus, solubility must account for twice the number of gas phase molecules that enter the lattice. 
 However, deviations from the ideal n-value of 0.5 have been known to occur. Caravella and 
coworkers [25,26] discussed the value of the Sieverts exponent, including circumstances where this 
exponent deviates from the theoretical value of 0.5. Meanwhile, Deveau et al. [27] developed a 
microkinetics model to deal with the non-idealities of Sieverts' law as it pertains to very thin metal films 
or at low temperatures. Alternatively, Vadrucci et al. [28] modified Sieverts' law to include surface 
effects, where non-idealities have been observed even for thick films (84 μm to 200 μm). 
 When considering metals for hydrogen transport membranes, only a select few appear as viable 
options. Figure 1.3 shows the measured permeability for several transition metals as well as the Pd-20Ag 
alloy, where it is apparent that the highest permeabilities are for those of V, Nb, Ta and Pd. Metals such 
as Y and Zr, which are left of group V (V, Nb and Ta), have such extreme solubilities that they suffer 
mechanical failure long before they can be used as hydrogen membranes; additionally, these metals also 
tend to suffer from a high propensity to oxidize, which substantially lowers their hydrogen solubility. On 
the other side of the table, Pd is the only metal to have a high permeability.  
 Outside of Pd and its alloys, group V metals (V, Nb, Ta) have previously been studied [29–33] as 
potential hydrogen membranes due to their high hydrogen solubility and cheap relative cost. These metals 
are about two order of magnitude cheaper than Pd, but have severe embrittlement at low temperatures 
[34]. In fact, even though their critical temperatures (Tc) for hydride formation are all below ca. 170 °C, 
Owen [35] has argued that hydride formation does not fully explain embrittlement in the  
 
 
Figure 1.3 Permeability of various metals with select experimental results. Most data from Steward
except for Pd coated BCC metal data from Cooney et al.
 
group V metals because they are known to embrittle well above these T
proposed [31,33] that membranes involving V, Nb or Ta must be operated above 450 
embrittlement. The failure mechanism in these membranes is likely due to lattice expansion, which has 
been shown to increase 3% to 4% upon exposure to 700 kPa hydrogen, and transition from a ductile to 
brittle regime [38]. 
 Pd and its alloys can also suffer from hydride formation and embrittlement failure, but to a much 
lesser extent than the group V metals. The drawback is lower permeability of the materials and thus lower 
hydrogen productivity. Table 1.3 gives the solubility, diffusivity and permeability for each of the group V 
 
Table 1.3 Solubility, diffusivity, and permeability of dense metal m
temperatures. 
Metal/Alloy Temperature
V [36] 500 °C
Nb [36] 500 °C
Ta [36] 500 °C
Pd [39] 500 °C
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 12.6 1.5 × 10-8 1.8 × 10
 30.4 1.0 × 10-8 3.0 × 10
 24.8 5.4 × 10-9 1.3 × 10
 6.0 3.2 × 10-9 1.9 × 10
 [36], 
 [37]. 











metals and Pd, showing that the group V metals all have higher hydrogen solubilities and diffusivities. 
Yet, the benefit of Pd over the group V elements is its ability to dissociate hydrogen, whereas group V 
metals must be coated in a catalyst to dissociate and reassociate hydrogen during the transport process. 
Although group V metals may eventually replace Pd as a membrane material, current research levels have 
not produced stable long-term performance amongst the group V metals due to the need for a thin surface 
catalyst to assist in the hydrogen dissociation step. Thus, this work focused on the more developed thin (< 
10 μm) Pd composite membranes that have already shown stable long-term performance for hydrogen 
transport. 
 
1.4   Catalytic membrane reactors: ammonia decomposition 
 
 The vast majority of work on dense metal membrane reactors has been conducted on 
dehydrogenation reactions wherein a fuel, such as methane or ammonia, is cracked over a catalyst while 
the hydrogen produced is simultaneously removed from the system. Although a limited number of studies 
have used dense ceramic membranes on dehydrogenation reactions, the technique of applying a voltage 
has garnered far more attention for hydrogenation catalytic membrane reactor (CMR) concepts such as 
ammonia synthesis. Nevertheless, the CMR design for dehydrogenation, whether metal- or ceramic-based, 
offers three major benefits over traditional reactor configurations: (1) conversions can exceed equilibrium 
limitations, (2) similar conversions can be attained at milder operating conditions, and (3) capital cost can 
be reduced by combining the reaction and separation stages into a single unit [40–42]. 
 A generic CMR design concept for dense metal membranes can be seen in Figure 1.4. In this 
case, the concept of a shell-and-tube design for the decomposition of ammonia has been illustrated, 
although other geometries are possible [43]. Here, ammonia is fed to the catalyst bed where it is separated 
into hydrogen and nitrogen near the beginning of the permeable Pd membrane region. As the ammonia 
decomposes over the catalyst bed, the hydrogen is simultaneously removed by permeation through the 
membrane and collected as a pure hydrogen product. The nitrogen, along with any unreacted ammonia or 
unseparated hydrogen, is meanwhile collected in the retentate stream.  
 As a primary ingredient in the fertilizers which help sustain the world's current population [44], 
ammonia is arguably one of the most important chemicals produced in modern society. However, there is 
a second potential application for ammonia which could prove substantial – that of an energy storage 
material. Ammonia has been suggested as a potential storage medium for hydrogen that is easier to 
transport, less costly to produce and has a higher energy density than pure hydrogen [45–48]. With a mass 





Figure 1.4 Catalytic membrane reactor configuration for ammonia decomposition. Reprinted from Zhang 
et al. [49] with permission from Elsevier. 
 
potentially competitive fuel – especially when compared to using compressed hydrogen. Even when 
compressed to 70 MPa, compressed hydrogen is less than 17% the energy density of gasoline. Other 
fuels, such as methanol and ethanol, offer better volumetric energy densities than ammonia (Table 1.4), 
but ultimately remain carbon-based. And as far as mass implementation of the ammonia network, the 
infrastructure and knowledge required for transporting ammonia has been considered advanced enough to 
meet the demands of an ammonia-based energy economy for decades [50]. 
 
Table 1.4 Higher heating values and energy densities for several potential hydrogen storage fuels. 
















2.5 889 0.250 55.5 0.938 
Hydrogen 70. 286 1.00 143 5.61 
Ammonia 1.0 383 0.176 22.5 13.5 
Methanol 0.1 726 0.125 22.7 18.0 
Ethanol 0.1 1300 0.130 28.2 22.2 
Gasoline 
(Octane) 





 Additionally, in recent advances in ammonia production [52,53], water, rather than hydrogen, is 
used as the feedstock for electrolysis which can also be performed at much lower pressures than the 
traditional Haber-Bosch process. If methane were to be eliminated from the feed requirements, ammonia 
synthesis and decomposition would represent a complete carbon-free route for fuel cells with storage 
benefits over direct hydrogen production. However, ammonia-based fuel cells still have a number of 
limitations and are far from being commercialized [48]. Thus, once synthesized and transported, ammonia 
must be decomposed and separated for the hydrogen to be used efficiently in fuel cells [47,54]. 
 Compared to other hydrogen production methods, such as methane reformation, ammonia 
decomposition is only represented by a handful of literature studies. Chiuta et al. [47] published a 
thorough review on ammonia decomposition from the previous decade in 2013. Yet, they only cite 35 
articles for the period 2002 to 2012 that involve ammonia decomposition experiments. These publications 
were divided into four major processes for ammonia decomposition: microreactors, monolithic reactors, 
membrane reactors and electrolyzers.  
 Although the microreactors and monolithic reactors were the most heavily studied, both of these 
methods result in an output stream of nitrogen and hydrogen even upon full conversion. This means that 
either the hydrogen needs to be separated or the fuel cell using the hydrogen will suffer an efficiency loss 
due to the diluted hydrogen stream. As with SMR, however, one method for simplifying and improving 
the process is to run the reaction in a membrane reactor configuration. In addition to the benefits of a 
CMR mentioned previously, a dense hydrogen membrane reactor (assuming theoretical infinite 
selectivity) can also eliminate trace amounts of unreacted ammonia which cause degradation in fuel cells 
even at concentrations as low as 10 ppm [55]. 
 In this method, a hydrogen transport membrane is surrounded by catalyst just as in Figure 1.4. As 
the ammonia reaches the catalyst it is decomposed into hydrogen and nitrogen via the endothermic 
reaction 2 ,( ) ↔ ,( ) + 3 ,( )                                  (∆H = 92.4 kJ/mol) (1.4) 
while the hydrogen is simultaneously separated by the membrane. This allows for the production of a 
pure hydrogen stream for use in a fuel cell, while the nitrogen and trace unreacted ammonia are simply 
exhausted into the atmosphere.  
 One of the primary issues with the current literature database is that the ammonia experiments, 
both experimental and modeled, often include either a sweep gas or vacuum in the permeate [9,56–61]. 
This is because a sweep stream or vacuum effectively lowers the hydrogen partial pressure on the 
permeate side of the membrane, maximizing the partial pressure difference thus increasing the hydrogen 




that either the hydrogen needs to be separated from the sweep gas in another stage, or the reactor system 
needs to have an additional vacuum system attached which would add cost and complexity to the system. 
The only simple option is to use steam as a sweep gas, which is easily condensed out of the hydrogen 
permeate. However, even a steam sweep would add complexity to the system and may not offer 
significant benefits worth the cost. Therefore, any future industrial application would be unlikely to use 
such an aide. 
 Although many studies involved the use of sweep or vacuum assisted permeation, several studies 
exist which collected the permeate stream at atmospheric pressure [49,62–64]. For instance, Zhang et al. 
[49] used a 3 μm thick pure Pd composite membrane with a Ni catalyst and obtained 93% conversion 
with 92% recovery at 773 K and 0.4 MPa. However, Zhang et al. suggested the membranes were not fully 
utilized in the combined membrane reactor; instead, they recommended using a higher temperature 
cracker followed by a separator. In this configuration, they performed a 500 h stability test and achieved 
99.95% conversion, 83% recovery and 99.97% purity on 0.37 mol m-2 s-1 H2 productivity for the duration. 
The reason for this increase in performance was that the ammonia could be fully converted in the high 
temperature cracker, allowing the membrane to see the maximum 75% hydrogen at its inlet, rather than 
needing to operate in parallel with the catalyst. Yet, this may still be undesirable because it again requires 
a separate high temperature reactor before the membrane. The concept of the CMR design is to allow for 
a lower overall temperature, which may increase the lifespan of the components and allow the use of less 
costly materials of construction. 
 A potentially better designed geometry was used by Rizzuto, Palange and Del Prete [64] who 
tested a membrane module from REB Research and Consulting and achieved a 99.8% conversion with 
87.2% hydrogen yield at 723 K and 0.6 MPa. The authors also stated that the membrane achieved higher 
than 99.9999% purity under any condition, although specific measurements were not provided. In contrast 
to the results of Zhang et al. [49] and Israni et al. [62], they reported little difference in hydrogen yield 
above 0.5 MPa. Unfortunately, the description of their proprietary module did not include a membrane 
area, making the hydrogen productivity of the system impossible to calculate.  
 Another issue with ammonia decomposition lies in the low vapor pressure at ambient 
temperature. With a vapor pressure of only 0.8 MPa at 298 K, ammonia reactors are unable to increase 
pressures to similar levels as reactors for SMR without heating the ammonia reservoir. This essentially 
prevents a reactor from increasing in pressure to increase hydrogen recovery and potentially the ammonia 
conversion. Zhang et al. [49], for example, saw a significant enhancement in operation between 0.2 MPa 
and 0.4 MPa, but they did not go above this pressure, presumably because higher pressures would lower 




 In fact, none of the experimental studies have reported results for feed pressures above 1.0 MPa 
due to the limitation of the vapor pressure of pure ammonia around 298 K. Israni, Nair and Harold [62] 
reported little pressure dependence on conversion for their Pd hollow fiber membrane reactor between 0.1 
MPa and 0.5 MPa at 773 K, but did see an increase in hydrogen flux through the membrane of about 60% 
at several flow rates. Di Carlo, Dell'Era and Del Prete [63] conducted a 3D simulation on a membrane 
reactor at 1.0 MPa and from 773 K to 873 K and found an increase in conversion over a traditional reactor 
configuration of 18% at 823 K and 1.0 MPa, but did not consider simulations for other pressures. 
 One final note on the CMR references in this section is that several groups studied microporous 
silica membranes [9,11,57]. Given the limited number of results using Pd-based membranes, microporous 
silica membrane results were included to aide in the understanding of the benefits of a CMR in terms of a 
one-step reaction and conversion reactor. However, unlike the solution-diffusion mechanism of dense 
membranes, microporous silica membranes function based on molecular sieving. Thus, it is only when the 
pore size is very finely controlled that hydrogen selectivities over nitrogen and ammonia can be high. Of 
those that reported purity, microporous silica membranes only had hydrogen purities of 71% [9] and 84% 
[58], whereas Pd-based reactors obtained purities of 99.2% [62] and 99.6% [49]. Additionally, the 500 h 
stability test by Zhang et al. [49] suggested no performance degradation for Pd membrane performance, 
and our group recently reported [65] on a lack of hydrogen flux inhibition by either ammonia- or 
nitrogen-containing gas streams. Because Pd-based membranes offer much higher purities and have no 
degradation issues, the current literature suggests them to be the better option to produce very high purity 
hydrogen from an ammonia decomposition CMR.  
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2.1   Abstract 
 
 The potential impact of nitrogen and ammonia exposure on hydrogen permeance through thin 
palladium membranes (1.3 µm to 4.1 µm thick) fabricated by electroless plating was studied. Additionally, 
a robust approach is introduced to quantify the pressure exponent which accounts for contributions to 
Knudsen flow through defects present in very thin membranes. In sharp contrast to previously published 
results, no flux inhibition was observed due to nitrogen or ammonia exposure. Studies included 24 h 
exposures to both pure gases and equimolar hydrogen/nitrogen or hydrogen/ammonia mixtures at trans-
membrane pressures ranging up to 1.0 MPa and temperatures of 598 K to 773 K. One membrane did 
exhibit significant flux inhibition after helium exposure, but this was attributed to changes in surface 
microstructure associated with hydrogen departing the lattice. This apparent hydrogen flux inhibition 
behavior was permanently eliminated by air exposure which roughens the surface, and it is suggested that 
this surface structure mechanism is a more probable explanation for flux inhibition than adsorption of 
nitrogen–based species. 
 
2.2   Introduction 
 
 As a primary ingredient in the fertilizers which help sustain the world's current population, 




second and potentially equally important application for ammonia is that of an energy storage material. 
Ammonia has been suggested as a potential storage medium for hydrogen that is easier to transport, less 
costly to produce and has a higher energy density than that of compressed hydrogen gas [45–47,54]. This 
is because ammonia is easily compressed to a liquid state at room temperature and can thus be transported 
more efficiently than compressed hydrogen, especially across large distances that lack a gas pipeline.  
 Additionally, in recent advances in ammonia production, water, rather than hydrogen, is used as 
the feedstock for electrolysis which can also be performed at much lower pressures than the traditional 
Haber-Bosch process [52,53]. If hydrogen were to be eliminated from the feed requirements, ammonia 
synthesis and decomposition would represent a complete carbon-free route for fuel cells with storage 
benefits over direct hydrogen production. However, once synthesized and transported, ammonia must be 
decomposed and separated for the hydrogen to be used efficiently in fuel cells [47,54]. 
 A suggested means for decomposition and separation of ammonia has been the use of a 
membrane reactor consisting of a palladium-based alloy membrane surrounded by a catalyst [49,62,64]. 
As the ammonia reaches the catalyst it is decomposed into hydrogen and nitrogen. The hydrogen 
simultaneously permeates through the Pd membrane to produce a pure hydrogen stream for use in the fuel 
cell, while the nitrogen that is formed is exhausted into the atmosphere. Itoh et al. found that using this 
method could provide a kinetic enhancement to the decomposition and achieved 15% higher conversion 
than a conventional reactor as well as simultaneously capturing 60% of the hydrogen generated in a single 
pass [61]. 
 Palladium is an excellent material for hydrogen permeation that provides high fluxes at moderate 
temperatures [17,66].  Many studies have reported its use as a separating agent [67–69] and in membrane 
reactors [70,71].  However, there have been suggestions that some species like hydrocarbons or CO can 
inhibit permeance by competitive adsorption on the Pd surface [72].   
 In considering membrane reactors for NH3 decomposition/H2 purification, the question then 
arises as to whether either nitrogen or ammonia adsorption could potentially inhibit the hydrogen flux 
through Pd-based membranes. This would potentially be detrimental to the use of Pd membranes in such 
a system because any flux inhibition could lower productivity and thus affect their economic viability. 
According to a study by Sakamoto et al. [73], exposure to a 10% N2 in H2 feed stream at 523 K lowered 
the hydrogen flux by 9%, while exposure to a 10% NH3 feed lowered the flux by 13%. This effect was 
found to decrease with increasing temperature until it became negligible at 723 K. Several years later, 
Wang et al. [74] reported that exposure of a Pd membrane to a 50/50 H2/N2 mixture for 10 h caused flux 
declines of 40% which took several hours to recover at 723 K in pure H2. This was a disturbing result, as 




 The results of these membrane investigations, however, are inconsistent with the established 
understanding in the catalysis literature. For instance, King [75] reported nearly 50 years ago that 
although nitrogen gas adsorbed on palladium surfaces at 78 K and low partial pressures, it was nearly 
completely desorbed upon heating to 290 K. Kunimori et al. [76] confirmed that nitrogen did not adsorb 
at 298 K under ambient conditions, but exposure to a high energy electron beam for an hour resulted in 
dissociation of N2 into N(ads) species. These N(ads) species were stable at 298 K and were not 
completely desorbed up to 473 K, but this was the maximum temperature tested.  A recent theoretical 
study by the Nørskov group [77] showed that Pd has one of the lowest ammonia synthesis activities 
among transition metals because of its inability to dissociate nitrogen. 
 Al-Shammeri and Saleh [78] reported that ammonia adsorbed onto a palladium surface and 
formed NHx(x=0-3) surface species at 193 K. Yet, no nitrogen desorption was detected from the surface 
during the experiment, nor could the adsorbed ammonia displace pre-adsorbed hydrogen at 300 K. 
Although they reported that the NHx(x=0-3) species did not desorb by either pumping to vacuum or 
heating to 450 K, the lack of hydrogen displacement suggests that hydrogen flux inhibition would be 
unlikely for a palladium membrane. In addition, Kunimori et al. [76] found that while NHx(x=0-2) species 
formed from N(ads), no NH3(ads) formation was observed, and it is important to remember that this only 
occurred when an outside energy source (an electron beam) was applied to dissociate the nitrogen. 
 The primary issue with the catalysis literature as it pertains to ammonia or nitrogen adsorption on 
palladium membranes is that most work is carried out under high vacuum at temperatures below 500 K. 
Efficient ammonia decomposition reactors are operated at temperatures of 523 K to 773 K and pressures 
ranging from 100 kPa to 800 kPa. The low end of this pressure window is a factor of 107 higher than the 
pressures used by King [75] or Kunimori et al. [76]. In fact, King suggested that higher partial pressures 
of nitrogen would likely lead to higher adsorption, but this did not take into consideration the competing 
nature of hydrogen and was merely directed at a pure nitrogen gas environment. 
 Basing their work on the studies of Wang et al. [74] on nitrogen inhibition of hydrogen 
permeance, Chantaramolee et al. [79] carried out density functional theory (DFT) calculations on N and H 
adsorption on palladium and suggested that N(ads) lowers the adsorption energy of H(ads) on nearby sites. 
However, the group did not discuss the potential for N(ads) formation in the first place. Alternatively, 
Herron, Tonelli and Mavrikakis [80] found that desorption of both N2(ads) and NH3(ads) is 
thermochemically preferred over decomposition of either molecule on the Pd(111) face, suggesting that 
formation of N(ads) is unlikely and therefore may not have significant coverage to affect hydrogen 




palladium and created a model suggesting that palladium would only have about 5% N(ads) coverage 
upon exposure to an ideal 3:1 H2:N2 mixture. 
 Essentially, not only is nitrogen dissociation on a Pd(111) surface not preferred over desorption, 
but the total coverage of either N(ads) or N2(ads) may be too small to significantly impact hydrogen flux.  
At temperatures of interest N2 desorption rather than decomposition is expected, in agreement with the 
fact that nitrogen dissociation has been considered the rate-limiting step in ammonia synthesis since the 
work of Emmett and Brunauer in 1934 [82]. Additionally, the ammonia desorption preference was 
confirmed in a separate DFT study by Jiang et al. [83], where they showed that the dehydrogenation of 
NH3 to NH2 and H is the rate-limiting step in ammonia decomposition.  
 However, calculations by Jiang et al. [83] showed that the most abundant surface species during 
ammonia decomposition is actually NH(ads), which may suggest that perhaps a slow decomposition of 
nitrogen in the presence of hydrogen could lead to a large coverage of NH(ads) species on a palladium 
membrane. This result would not conflict with the low N(ads) coverage predicted by Song and Hu [81] 
because they only considered the rate of N2 dissociation under the assumption that this is the rate-limiting 
step in ammonia synthesis over the Pd(111) surface. Therefore, even though the rate of dissociation may 
be considered extremely slow, the hydrogen flux inhibition observed by Wang et al. may have been 
caused by a buildup of stable NH(ads) species.  
 Thus, the motivation for this study arises from a lack of experimental results to confirm or refute 
the work of Wang et al. [74]. In this work, we attempted to recreate the results of Wang et al. and then 
expanded the experiments to include not only co-existing nitrogen but also co-existing ammonia. In 
conflict with their results, the work here found no evidence of hydrogen flux inhibition by either species. 
Flux inhibition observed after helium exposure and subsequently corrected with oxygen exposure 
suggests that changes in the Pd surface structure, not competitive adsorption, are a more plausible 
explanation for inhibition in these systems. 
 
2.3   Experimental 
 
2.3.1   Membrane fabrication 
 
 The supports used in this study were tubular, asymmetric ceramic cylinders made from yttria-
stabilized zirconia (YSZ) purchased from the Praxair Corporation. The as-received supports were cleaned 
by soaking in ethanol and acetone for several hours to remove any remaining organic contaminants or 




air using an open atmosphere oven at 393 K. A pore size distribution was then collected using the flow 
porometry method defined by the ASTM F-316-3 Standard [84]. All membrane supports in this study 
conformed to a largest pore diameter of less than 800 nm with an average pore diameter of about 300 nm. 
 Once the support was properly characterized, the electroless plating technique was used to apply 
the thin palladium films on the outer surface of the substrates. The first step in the electroless method is 
activation of the surface with Pd crystallites to initiate the autocatalytic electroless plating process. In this 
method, a 0.16 M solution of palladium (II) acetate trimer (47% metal basis, Pressure Chemical Co.) in 
chloroform (AR grade, Macron Fine Chemicals) (33 g l-1) was sprayed onto the support using an airbrush 
to obtain a uniform coating. The volume of solution sprayed was approximately 0.2 ml cm-2, but is not 
exact since a large amount of the solution misses the support. Instead, the procedure was judged by 
appearance, where a uniform gold color was obtained when sufficient palladium acetate had attached to 
the support surface. The support was then fired at 623 K for 30 min in air using an open atmosphere oven, 
which is well above the decomposition temperature of the acetate ligand of 487 K [85]. At this point the 
procedure was repeated if the support was not a uniform dark gray color in appearance. This procedure 
deposited about 100 nm of palladium onto the support, as determined by gravimetric analysis. 
 After activating the surface with nanocrystalline palladium oxide particles, the oxide was reduced 
to form pure Pd crystallites by placing the support in a solution of 20 mM hydrazine (98%, reagent grade, 
Sigma-Aldrich) in water heated to 323 K for 20 min. The support was then rinsed in DI water to remove 
excess hydrazine before placing the support in the palladium electroless plating bath. The palladium 
plating bath used 4 M ammonia provided to the bath in the form of 30% ammonia in water, obtained by 
adding 260 ml l-1 of concentrated ammonium hydroxide solution (28% to 30%, ACS grade, VWR 
Analytical) to 740 ml l-1 DI water. To this solution, 1.8 g l-1 of palladium (II) chloride (60% metal basis, 
Pressure Chemical Co.) was added and allowed to sit for 24 h to obtain complete dissolution. An 
ultrasonic water bath was used to dislodge the nitrogen bubbles formed during plating in order to attain a 
more dense microstructure. Multiple plating cycles were conducted until either the desired thickness or an 
acceptable argon flux (non-hydrogen leak rate) was achieved. The compositions of the activation, 
reduction and palladium plating solutions are given in Table 2.1. 
 When the desired palladium thickness was achieved, an argon leak rate was measured at 298 K to 
determine if the membrane quality was sufficiently high. An acceptable non-hydrogen leak permeance is 
typically less than 10-9 mol m-2 s-1 Pa-1, but the thinnest membrane in this study could not achieve this 
criterion due to poor Pd plating over the large pore size of the supports used. In this case, it was decided 





Table 2.1 Membrane synthesis baths 
Component (Chemical Formula) Units Activation Reduction Pd bath 
Chloroform (CHCl3)  M 15.7   
Water (H2O)  M  55.5 51 
Ammonia (NH3)  M   4 
Palladium acetate (Pd(OAc)2) mM 160   
Palladium chloride (PdCl2)  mM   10 
Hydrazine (N2H4) mM  20 10 
Temperature K  323 298 
Time min  20 60 
 
2.3.2   Experimental apparatus 
 
 Once synthesized, membranes were sealed onto 1/4 inch outer diameter stainless steel piping 
using graphite ferrules from Chromalytic Technology and stainless steel compression fittings from 
Swagelok. Between the length that is lost due to the compression fittings and the potential for cracking a 
tube and re-sealing a shorter length, the active length of membranes varied from about 5 cm to 7 cm. The 
sealed membranes were then placed within a 1 inch outer diameter stainless steel pipe and placed in a 
Lindberg MiniMite tube furnace for temperature control. The feed gas entered on the shell side of the 
membrane and the hydrogen that permeated the membrane was collected from the tube side. Neither 
sweep gas nor vacuum condition was applied for any experimental result presented in this study. A 
schematic of the testing module can be found in Collins and Way [86]. 
 The permeation system for this project consisted of individual Porter Instruments mass flow 
controllers supplying UHP grade (purity above 99.999%) He, Ar, H2, N2 and/or NH3 to the feed side, as 
well as mass flow meters to measure both the permeate and retentate flow rates. All flow data was 
recorded to a computer using a Visual Basics code running in Microsoft Excel. For mixed gas conditions, 
the permeate and retentate compositions were recorded via a SRI Instruments 8610C GC equipped with a 
10' Hayesep D column and thermal conductivity detector (TCD). The purity was measured and recorded 
every 20 min, with the time interval determined by the elution time of ammonia through the column. 
Based on results from a calibration gas, the TCD and Hayesep D column combination is suggested to 
have lower detection limits of 0.02% nitrogen and 0.05% ammonia in hydrogen. 
 
2.3.3   Membrane characterization 
 
 Scanning electron microscopy images of the surface and cross-section of each membrane were 




10,000x. Several images were taken for each membrane so that an average thickness could be estimated. 
In addition, membrane thicknesses were measured via X-ray fluorescence spectroscopy (XRF) with a 
Fischerscope X-Ray XDLM-C4 PCB spectrometer using a Ni filter with an accelerating voltage of 50 kV.  
 
2.4   Results and discussion 
 
 For this study, the results from three membranes will be discussed in detail (Table 2.2). These 
membranes were between 1.8 µm and 4.1 µm thick and showed a clear increasing hydrogen flux with 
decreasing thickness. Several SEM images of cross sections were taken to obtain an average thickness of 
each membrane, with an example of a surface and cross sectional SEM image for membrane M2 shown in 
Figure 2.1. It was also found that membranes M1 and M2 had permeance pressure exponents close to 
Sieverts' law, whereas M3 was becoming thin enough to begin to see surface rate limitations. Sample 
properties from Wang et al. are given, showing that the membranes in the current study are of similar 
thickness with comparable hydrogen flux. The calculation and relevance of the pressure exponents will be 
discussed in Section 3.2.  
 
Figure 2.1 Surface (A) and cross-sectional (B) SEM images of M2 after testing. The surface shows a 
grain size of about 300 nm, whereas the cross section shows a dense film with a thickness of 





Table 2.2 Summary of membrane properties. 
Membrane ID M1 M2 M3 Wang et al. [74] 
Active Area  
(cm2) 17.6 20.7 20.4 4.67 
Thickness 
(µm) 
Gravimetric 4.0 2.8 1.6 2-3 
SEM 3.9 3.1 1.8  
XRF 4.4 3.2 1.9  
H2 Flux at 673 K 100 kPa 
(mol m-2 s-1) 0.21 0.29 0.60 0.29 
H2/N2 Selectivity  
at 673 K and 100 kPa 2800 1100 176 3000 
Pressure Exponent 
-n- 0.52 0.56 0.83 1 
 
2.4.1   Hydrogen flux calculations 
 
 Membrane performance is typically interpreted through the use of the following expression 
 n PHn FHH PPLJ ,2,2 

             (2.1) 
where J is the flux of molecular hydrogen, H is the hydrogen permeability, L is the total  membrane 
thickness, and PH2 is the hydrogen partial pressure in the feed (F) or permeate (P). One of the primary 
observable measurements on palladium membranes is the pressure dependence of the hydrogen flux. 
Thick Pd-based membranes often follow Sieverts' law which states that the diffusion of hydrogen atoms 
in the bulk will control the process, leading to a theoretical pressure dependence of 0.5. Deviations from 
this, however, are common for thin supported membranes. If the palladium film is either thin enough or in 
the presence of poisons, limitations from either the surface kinetics (adsorption/desorption) or the external 
mass transport (support resistance) can become significant enough to increase the pressure dependence of 
the hydrogen flux toward 1.  
 Rather than assuming the value to be either 0.5 or 1, one can use a linear regression combined 
with a minimization of error technique to obtain the best pressure dependence value. In this technique it is 
desired to minimize the error in the permeance calculation, but the permeance value will vary by several 
orders of magnitude using n-values between 0.5 and 1. This means that although the calculated error will 
also change by several orders of magnitude, it will not necessarily indicate a better fit at lower values. 
Therefore, the preferred method is to minimize the sum of the residuals given by the linear regression. 
Examples of residual curves for M1 and M3 are shown in Figure 2.2, where a clear minimum is achieved 





Figure 2.2 The residual sum of squares versus pressure exponent for a single sample permeance 
calculation for membranes M1 and M3. M1 has a minimum near the Sieverts' regime of n = 0.5, whereas 
M3 has a minimum closer to the surface limited regime of n = 1. 
 
 For M1, where the membrane thickness was about 4.1 µm, the pressure dependence was nearly 
the 0.5 expected for a bulk diffusion limited regime. This suggests that neither the support nor surface rate 
processes had significant effect on the flux of the membrane. More importantly, the fact that it was 
diffusion controlled offered a possible method for analyzing the cause for a change in hydrogen flux. For 
instance, if the surface of M1 were to become significantly covered by a non-hydrogen adsorbed species, 
one would expect the pressure dependence to increase from 0.5 toward 1 as the surface 
adsorption/dissociation of hydrogen became rate-limiting. 
 M3, however, had a dependence well above the diffusion dominated regime, indicating 
significant flow impendence by either the support or surface processes. A problem with M3, though, was 
the low ideal selectivity due to fabrication issues with such thin films. During the entire testing duration, 
membrane M3 fell from an ideal H2/N2 selectivity of 176 to only 90. The fall in selectivity was likely due 
to annealing effects such as an increase in grain size causing an agglomeration of pinhole defects, but 
more important to this study is whether this low selectivity could affect the pressure dependence 
calculation. To assess this possibility we corrected for the contributions of transport through pinholes and 
defects that are most often attributed to Knudsen flow.   
 For membrane M3, the flux of helium at 598 K and several pressures up to 200 kPa was 
measured to calculate a permeance that could then be used to estimate the Knudsen contribution for other 
gases. This approach was then validated by comparing the He-based predictions with experimental 





Figure 2.3 Expected Knudsen flux versus measured flux for argon and nitrogen using helium as the basis. 
A good fit suggests that hydrogen flux due to leaks in the membrane can be calculated and removed from 
the total hydrogen flux to obtain a more accurate membrane-specific flux. 
 
estimated flow was within 10% for all values, but the measured flow was always slightly below the 
estimate. This could potentially be due to some defects being small enough that they selectively transport 
helium due to its significantly smaller size than argon or nitrogen. The important message from Figure 3 
is that, at least to an adequate approximation, Knudsen calculations could be used to estimate the 
contribution to hydrogen flow from the defects in the membrane. 
 This knowledge allowed for the hydrogen flux in M3 to be corrected for both the initial and final 
selectivity of the membrane. Figure 2.4 shows the resultant pressure dependence calculations for one 
hydrogen flux measurement on M3 assuming either the initial (176) or final (90) selectivity to be accurate. 
A selectivity of 174 resulted in a negligible decrease in the pressure dependence of hydrogen flux, 
whereas a selectivity of 90 caused only a minor decrease from 0.84 to 0.82. Even this decrease, however, 
can be considered small and does not affect the argument that the hydrogen flux through M3 was not 
entirely diffusion controlled. 
 Analyzing the rate-limiting step was considered important to this study because the primary goal 
was to determine whether surface effects, namely the inhibition of hydrogen adsorption due to nitrogen or 
ammonia species blocking surface sites, were significant. Ideally, the membranes tested would be thin 
enough to at least begin to see surface rate limitations so that any nitrogen-containing adsorbed surface 
species would inhibit the flow of hydrogen. Unfortunately, this requires membranes that are not only very 
thin, but lack any support resistance that might hinder the membrane flow. For instance, membrane M3, 





Figure 2.4 Residual sum of squares versus pressure exponent for M3 using both the measured hydrogen 
flux and two corrected values. The corrected values use the initial and final H2/N2 selectivity to reduce 
hydrogen flow assuming Knudsen flow through the defects. 
 
the flux dependence may have been due to support resistances rather than surface rate processes in the 
hydrogen transport model. Nevertheless, the thickness below 2 µm offered the best opportunity for 
observing surface adsorbate effects on hydrogen flow given current membrane fabrication limitations. 
 
2.4.2   Mixture gas experiments 
 
 Under any realistic operation condition, such as decomposition of ammonia, any nitrogen or 
ammonia would co-exist with hydrogen near the surface of the palladium membrane. Therefore, 
competitive adsorption between hydrogen, nitrogen and ammonia is critical to membrane operation. If 
either nitrogen or ammonia were to preferentially adsorb and block sufficient hydrogen adsorption and 
dissociation surface sites, the hydrogen flux would decline. This would affect the productivity of the 
membrane and suggest further study to be necessary at creating better materials with less inhibition. 
 Therefore, the first experiment looking for hydrogen flux inhibition was to expose membrane M2 
to a binary gas mixture for an extended length of time. Membrane M2 was chosen for the mixture 
experiment over M3 due to its higher selectivity and therefore lesser chance of impurities in the permeate 
stream affecting the flux measurements. To understand the significance of the results of this experiment, 
the results of a similar experiment from the Wang et al. [74] study must be summarized. In a particular 
experiment, Wang et al. exposed a membrane to an equimolar hydrogen/nitrogen mixture at 673 K and a 




declined 28% under the mixed gas and a final pure hydrogen permeance indicated a decline of 58% from 
the original permeance. With such an extreme inhibition, it was expected during the experiment here that 
similar flux declines might be observed.  
 As shown in Figure 2.5, the first 24 h of exposure consisted of the binary hydrogen/nitrogen 
system at 673 K and trans-membrane pressure of 200 kPa with a total feed flow of 1.0 SLPM. However, 
where the results of Wang et al. observed a hydrogen flux decline within 10 h, no decline in a mixture or 
pure hydrogen flux was observed for M2 even after 24 h. It was then decided to increase the total trans-
membrane pressure to 500 kPa and then 1.0 MPa to see if a higher pressure could create an effect, but 
again no flux declines were observed. 
 The experiment was then expanded to include three exposures to co-fed hydrogen/ammonia 
mixtures to see if ammonia might adsorb and/or dissociate easier to form the stable NHx(x=0-3) surface 
adsorbates suggested in the literature. In this case, the highest possible trans-membrane pressure was 700 
kPa because the vapor pressure of ammonia is approximately 800 kPa absolute. 
 It should be noted that although the flux appears to increase slightly for certain segments in 
Figure 2.5, this was always due to a slight increase in pressure over the 24 h period. To verify this, a pure 
gas hydrogen permeance was calculated between each 24 h period using three pressures between 0 kPa 
and 400 kPa. Because this pure gas permeance remained constant at 0.29 mol m-2 s-1 with n = 0.56 as 
indicated in Table 2.2, it was concluded that no inhibition (or flux increase) had occurred during any 
segment of the experiment. 
 
 
Figure 2.5 Permeation data for membrane M2 exposed to an equimolar H2/(N2 or NH3) mixture at 673 K 





2.4.3   Pure gas experiments 
 
 With a lack of adsorption in the mixed gas conditions, it was decided to conduct an experiment 
using the worst possible conditions given equipment and membrane synthesis technique limitations. For 
this reason, membrane M3 was fabricated as thin as possible at the expense of high selectivity. This was 
considered a reasonable tradeoff because error in the hydrogen flux measurements could be corrected by 
correlating the hydrogen flow through defects using Knudsen diffusion, as discussed in Section 3.1. 
 The entirety of the gas conditions and resultant hydrogen flux measurements are shown in Figure 
2.6. The H2 flux and the pressure exponent n were recorded at approximately 24 hour intervals after 
different pure gas exposures. Initially, membrane M3 was heated to 598 K and allowed to soak in 100 kPa 
hydrogen for 24 h. This was intended to be an initialization period to be certain that the flux would not 
change significantly under pure hydrogen. It can be seen that the flux did appear to decline slightly, but 
this was considered a small enough change that the experiment could proceed. Essentially, because the 
flux inhibition reported by Wang et al. was for permeance declines of more than 50%, a change of 5% can 
be considered insignificant - especially in light of the mixed gas experiment (Figure 2.5) showing no 
decline.  
 After this initial day, M3 was exposed to 24 h periods of 1.0 MPa argon, 1.0 MPa nitrogen and 
0.8 MPa ammonia at 598 K, 673 K and finally 773 K with hydrogen permeance measurements in between 
(the indicated points). Note that the soaking pressures used in this section are absolute rather than the 
trans-membrane, or gauge, pressures used in the mixed gas tests (Figure 2.5). This means the 0.8 MPa 
ammonia pressure here arises from the same vapor pressure limitation as the 0.7 MPa mixed gas 
 
 
Figure 2.6 Permeation data for membrane M3 at a calculated pressure differential of 100 kPa. Exposure 




condition shown previously. Although slight declines in flux were observed throughout the experiment, 
each individual decline never exceeded 5% of the previous flux and did not change between argon, 
nitrogen or ammonia exposures. In other words, the modest declines may plausibly be attributed to a form 
of palladium film rearrangement, such as surface smoothening or grain growth, rather than due to any 
specific adsorbed gas species. 
 It now becomes important to note that the experiments contained within this work do not 
specifically rebuke the hypothesis that some form of N2 or NHx(x=0-3) may adsorb onto the surface 
during these pure gas exposures. In fact, it is very likely that at least a portion of the surface becomes 
covered in diatomic nitrogen during pure nitrogen exposure, whereas a small amount of ammonia 
decomposition should result in a certain coverage of NHx species. However, upon returning to a hydrogen 
rich atmosphere, it appears that most, if not all, of these adsorbed species desorb so rapidly that no 
noticeable hydrogen flux reduction is measured. The finding that H adsorption energies are reduced when 
N(ads) is present on the surface for Pd(111) [79] is likely due to conditions not relevant to permeation 
measurements, as it is not explained how the adsorbates are formed in the first place. 
 
2.4.4   Apparent flux inhibition from helium 
 
 While collecting data for the previous sections, a particular oddity in hydrogen permeance 
behavior was observed upon initial testing of membrane M1 after exposure to helium. Initially, membrane 
M1 was heated to 773 K and allowed to soak in 100 kPa hydrogen for a prolonged time. After this period 
the temperature was reduced to 673 K and the membrane was exposed to 1.0 MPa helium overnight 
(Figure 2.7). It was expected that this would not cause any hydrogen flux decline due to helium's inert 
nature, but surprisingly a significant flux decline was observed. 
 Upon examination of Figure 2.7, it can be seen that soaking in helium not only caused the 
hydrogen flux to decline to 30% of its initial value, but also caused the pressure dependence to rise from 
0.61 to 0.86. This suggests that after long term exposure to the inert gas, the membrane had become more 
surface rate limited than diffusion limited as it was initially. Additionally, although the flux failed to 
recover within 2 h at 673 K and 0.1 MPa hydrogen, raising the hydrogen pressure to 1.0 MPa initiated 
visible recovery, with the flux returning to 95% of the initial value within 5 h. Our initial hypothesis was 
that the He tank contained an impurity that was the source of this anomalous behavior.  To test this 
possibility a second experiment was then immediately conducted using a new He cylinder, and the results 
are shown in Figure 2.8. In this experiment the helium soak was conducted at similar conditions (673 K 





Figure 2.7 Permeation recovery results for M1 at 673 K after 18 h helium soak. Note the slow recovery at 
0.1 MPa H2 before pressure was increased to 1.0 MPa. A normalized hydrogen flux of 1 corresponds to 
0.16 mol m-2 s-1 at 100 kPa. 
 
pressure dependence raised from 0.56 to 0.90. In this experiment the membrane was exposed to H2 at 0.1 
MPa, but at the higher temperature of 773 K rather than the 673 K of Figure 2.7. Under these conditions 
the hydrogen flux began to recover immediately, with the pressure dependence eventually returning to 
0.56 and flux rising to 94% of the initial value after 20 h. 
 
 
Figure 2.8 Permeation recovery results for M1 at 773 K after 20 h helium soak at 673 K. A normalized 
hydrogen flux of 1 correlates to 0.28 mol m-2 s-1 at 100 kPa. 




 The results of Figure 2.7 and Figure 2.8 thus offer a very peculiar result with similarities to the 
behavior observed by Wang et al. [74]. First, exposure to a non-hydrogen gas for several hours resulted in 
significant hydrogen flux loss. Second, this lost flux could be recovered when soaked in hydrogen, but the 
pressure and temperature. The primary difference of course is that whereas Wang et al. could ascribe their 
behavior to nitrogen exposure, this study shows that even helium exposure can induce similar behavior 
under certain conditions, and is offered as a possible alternative explanation for the results observed by 
Wang et al. 
 It is important to note that neither M3 nor M2 exhibited this behavior when tested as-fabricated, 
indicating the results were not easily reproducible by fabrication of new membranes. However, it is 
hypothesized that certain fabrication procedures may result in surface morphologies that are more prone 
to this type of behavior. In other words, the phenomenon shown here is suggested to be an issue with 
hydrogen uptake in the film. After long term exposure to any non-hydrogen gas, the palladium film 
becomes depleted in hydrogen. This can cause the palladium film to reconstruct and results in a 
subsequent slow hydrogen absorption rate when the film is re-exposed to a hydrogen source. The pressure 
dependence thus becomes surface rate limited to reflect this slow absorption rate, but returns to a 
diffusion controlled state after sufficient hydrogen has absorbed and swelled the palladium lattice. 
 Our hypothesis is that the odd behavior with helium observed with membrane M1 was caused by 
changes to the Pd microstructure that accompany the loss of hydrogen in an inert environment. To test 
this the microstructure was intentionally altered using air exposure. Previously it has been shown that the 
air exposure (or any oxygen-containing gas mixture) roughens the surface of palladium, increasing the 
rate of sorption into the film [87,88]. Specifically, M1 was exposed to helium for a third 20 h period at 
473 K after the last data point in Figure 2.8, and a subsequent flux loss was again observed. This point 
becomes the first data point in the final set of experiments shown in Figure 2.9 with flux at 21% of the 
normalized value and an exponent of n = 0.79.  Immediately after measuring the flux loss, M1 was 
exposed to 100 kPa air (grade zero, total hydrocarbon content less than 1 ppm) for 20 minutes, which 
caused an immediate recovery of hydrogen flux with the pressure dependence approaching the Sieverts 
limit at 0.52. After this, the membrane was allowed to soak under 100 kPa hydrogen for 24 hours and the 
flux declined about 10%, but the pressure exponent was nominally unchanged. The membrane was then 
exposed to 24 hours of pure gas exposure to He, N2, and NH3.  Yet, in contrast to the previous exposures, 
exposure to 1.0 MPa helium no longer caused any flux loss after exposure. In fact, after exposing the 





Figure 2.9 Permeation results for M1 at 773 K after a 20 minute air exposure. No flux decline was 
observed due to any specific gas after roughening the surface with air. A normalized hydrogen flux of 1 
correlates to 0.24 mol m-2 s-1 at 100 kPa. 
 
 Similar behavior to that reported here was observed by Mejdell et al. [89] who used Pd-23Ag 
free-standing films and found that air exposure roughened the surface, increased hydrogen flux, and 
caused bulk diffusion to be rate-limiting even for films as thin as 1.3 µm. This may suggest that the 
pressure dependence of both M3 (1.8 µm, n=0.83) of this study and that observed by Wang et al. (2-3 µm, 
n=1) [74] may have either been due to sorption rate limitations or viscous flow through the supports. 
 To summarize, the study here found that hydrogen flux in palladium membranes is not inhibited 
by adsorption of N2 or NH3.  The inhibition of the flux after helium exposure and subsequent rise after 
oxygen exposure is likely due to changes in the Pd surface structure, rather than competitive adsorption. 
 
2.5   Conclusions 
 
 No evidence of hydrogen flux inhibition in Pd-based membranes due to nitrogen-containing 
adsorbed species was observed in this study based on exposure to both pure gases (N2, NH3) and mixtures 
(H2/N2, H2/NH3) for pressures up to 1.0 MPa and a temperature range of 598 K to 773 K. These results 
are proposed in sharp contrast to those published previously by Wang et al. where up to 75% inhibition of 
hydrogen flux was reported due to nitrogen exposure at 773 K [74]. One membrane did exhibit significant 
inhibition after He exposure, but this was attributed to changes in thin film microstructure that occurred 
when hydrogen departs the Pd lattice under hydrogen-depleted conditions. Strong support for this 




air, which is known to roughen the surface and increase hydrogen sorption rate processes. It was also 
shown that Knudsen flow through defects and support resistance can increase the apparent pressure 
exponent, though the former may be corrected through appropriate calibrations. In conclusion, there is no 
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3.1   Abstract 
 
 The effects of high pressure gas exposure on the hydrogen flux though Pd films were explored. It 
was observed that exposure of a Pd membrane to N2, Ar, or CO2 at 3.0 MPa and 500 °C caused a 
substantial decline in hydrogen flux within 24 h that only recovered to ca. 60% of its initial value after 24 
h of subsequent hydrogen exposure. Atomic force microscopy images revealed that the Pd surface 
became smoother with a reduction in density of nanoscale features after high pressure exposure, 
consistent with an observed transition in rate limiting step from bulk diffusion to surface kinetics. The 
rate of flux loss was found to have an apparent activation energy of 39 kJ mol-1, which is consistent with 
values reported for Pd surface self-diffusion. This effect was not observed when the exposure gas was 
helium or at pressures < 2 MPa, suggesting that impinging gas momentum is an important factor that 
promotes smoothening of the Pd surface. Lastly, it was observed that the flux loss could be completely 
reversed by air treatment or prevented by the presence of O2 impurities (ca. 1%) in the feed. 
 
3.2   Introduction 
 
 Palladium and its alloys have been studied for decades because of their excellent hydrogen 
permeation properties that provide high fluxes at moderate temperatures [17,66]. Many studies have 




separations as part of a nuclear fuel cycle [90]. However, there have been suggestions that some gas 
species can inhibit permeance by competitive adsorption on the Pd surface.  
 The study of hydrogen flux inhibition on palladium membranes has primarily been focused on the 
competitive surface adsorption of either CO [72,91–93] or H2S [94–96]. Whereas CO can react with H2 
on the surface to form PdC, H2S can form a PdS compound directly – both of which may permanently 
degrade the hydrogen flux and purity of the membrane. Similarly, CH4 exposure has been shown to form 
a carbonaceous species [97,98], but hydrogen flux inhibition was only observed above 450 °C [97]. CO2, 
on the other hand, has not been shown to induce significant hydrogen flux inhibition or react to form a 
PdC phase [91,93]. Attempts to lower the materials cost by alloying Pd resulted in similar studies on 
PdAg alloys for both CO [99–102] and H2S [96] exposure, but these results showed comparable or worse 
flux inhibition and membrane degradation compared to pure Pd. Improvements to H2S exposure tolerance, 
however, were observed for PdAu [94,103–105] and PdCu [96] alloys. 
 The effects on hydrogen flux in Pd membranes due to exposure to both N2 [73,74] and NH3 
[73,106] have also been explored, with an apparent hydrogen flux inhibition attributed to NHx surface 
adsorbed species. However, our recent work [65] did not observe any effects from N2 or NH3 exposure at 
industrially-relevant pressures after an oxidation and reduction treatment using air. 
 Surface adsorption effects, however, cannot explain the results to be discussed in this work. No 
group has ever reported any competitive adsorption of hydrogen on Pd from any noble gas, yet this work 
will detail conditions at which the hydrogen flux can be severely depressed as a result of high pressure 
exposure to argon. This effect is also shown to be caused by exposure to the industrially-relevant gases N2 
and CO2 at 3 MPa. These effects were not seen at pressures below about 2 MPa, but industrial processes 
are likely to use higher pressures in an effort to improve productivity of a membrane separator. Therefore, 
we suggest that the phenomenon must be understood to maintain membrane performance under these 
conditions. Fortunately, addition of only a small quantity of an oxidizing gas, such as O2 (ca. 1%), 
appears to prevent any effects and may also explain how this phenomenon has gone unnoticed until now. 
 
3.3   Experimental 
 
3.3.1   Membrane fabrication, testing and characterization  
 
 The primary membrane used in this study was fabricated using electroless deposition of Pd onto a 
tubular, asymmetric yttria-stabilized zirconia (YSZ) support (Praxair Corp.) similar to the method 




methods: (1) gravimetric analysis, (2) X-ray fluorescence spectroscopy (Fischerscope X-Ray XDLM-C4 
PCB) and (3) cross-sectional electron microscopy images (JEOL JSM-7000F). This membrane had an 
active area for permeation of 18 cm2 and an ideal initial H2/N2 selectivity of 2800 at 400 °C and 100 kPa 
trans-membrane pressure. The membrane was mounted using graphite ferrules and metal fittings exactly 
as described in our previous work [65]. 
 Membranes were tested in a Lindberg MiniMite tube furnace equipped with a back-pressure 
regulator on the retentate stream. The permeate was left open to atmosphere (ca. 82 kPa) and a soap 
bubble flowmeter was used for permeate measurements. Gases were fed via individual Porter Instruments 
mass flow controllers supplying UHP grade (purity above 99.999%) He, Ar, H2, and N2, as well as either 
industrial grade (98%) or instrument grade (99.99%) CO2. Gas purities were measured using both a gas 
chromatograph with thermal conductivity detector (GC-TCD) and a quadrupole mass spectrometer (MS). 
The GC-TCD consisted of a SRI Instruments 8610C GC equipped with a 10' Hayesep D column and the 
quadrupole MS was a Pfeiffer Vacuum Prisma QME 200. 
 Surrogate membranes used for surface characterization were 25 µm thick cold-rolled Pd foils 
(99.9%, metals basis) purchased from Alfa Aesar. The planar form factor enabled analysis of the surface 
morphology that could not be performed on tubular membranes. The foil was cut and sealed in VCR 
fittings (Swagelok) using Ni gaskets, giving an active area for permeation of 0.93 cm2. Surface 
morphology was imaged by atomic-force microscopy (AFM) using a Veeco Dimension 3100 with 
Nanoprobe SPM MESP tips. 
 
3.3.2   Air treatments and hydrogen flux measurements 
 
 Membrane performance is typically interpreted through the use of the expression 
 n PHn FHH PPLJ ,2,2 

     (3.1) 
where J is the flux of molecular hydrogen, H is the hydrogen permeability, L is the total membrane 
thickness, and PH2 is the hydrogen partial pressure in the feed (F) or permeate (P). Typically, Pd 
membranes are assumed to follow Sieverts' law, which states that hydrogen permeation is diffusion 
limited and results in an n-value of 0.5; however, deviations from this n-value are common, particularly 
for very thin Pd films. Thus, Sieverts' law and its applicability to hydrogen diffusion through Pd 
membranes has been studied in detail [107], modified to add surface effects [108], and even replaced with 
a microkinetic model [109] by other groups. Yet, Eq. 1 remains a powerful and widely used tool to 




use of a nonlinear regression technique to determine an n-value and applied it to the discussion of a 
surface-limited Pd membrane we had fabricated. For this study, the same technique will be applied 
throughout, with the n-values plotted along with hydrogen flux. Throughout this work, hydrogen flux data 
are plotted at a trans-membrane pressure of 140 kPa, however, this is only one of the data points taken. 
Each flux measurement was taken at a minimum of three pressures in order to calculate the associated n-
values displayed. 
 Throughout this study, it was important to begin each trial with a nominally identical hydrogen 
flux so that differences in exposure conditions could be monitored. To ensure such reproducibility we 
employed a single membrane and developed an activation protocol to reset its performance after each test. 
A well-known and widely used approach to activate Pd-based membranes is annealing in air [89,110–
113]. During this process a dense PdO layer is formed of which thickness is self-limited [114,115]. Upon 
exposure to H2 the oxide layer is reduced, resulting in a rough surface that promotes efficient H2 
dissociation and absorption into the Pd film [87,88,116]. The protocol used in this work consisted of a 20 
min exposure to flowing air at 50 kPa and 400 °C, and the reproducibility of this treatment is shown in 
Figure 3.1. The membrane employed for this study was tested continuously for 1350 h between 350 °C 
and 500 °C, with only a fraction of the data displayed in the figures below. The membrane flux was reset 
a total of 12 times by exposing to air, with the flux being restored to an average of 0.19 ± 0.01 mol m-2 s-1 
and an n-value of 0.57 ± 0.03. Due to the consistency of this protocol, subsequent figures present the flux 
normalized with respect to its value after air regeneration. Additionally, the n-value was consistently near  
 
 
Figure 3.1 Hydrogen flux and Sieverts' constant after each of the 12 air exposures conducted on the 
membrane used during this study. Flux taken at 400 °C and 140 kPa trans-membrane pressure. Solid lines 
represent the average values obtained. 
 
 
0.5, suggesting that flux after the air treatment was close to the diffusion
values from the ideal were likely due to flow resistance within the underlying porous YSZ support, 
however this resistance can be considered minimal. For example, the flux of H
140 kPa pressure differential is 3.2 mol m
about 6% of the maximum at this pressure.
 
3.4   Results and discussion 
 
3.4.1   Hydrogen flux inhibition by high molecular weight gases
 
 To illustrate the problem explored in this work, 
from exposure to high pressure He and N
at 400 °C and are shown from a trans
minimum of three pressures ranging up to a trans
hydrogen flux measurement to calculate the 
was heated to 500 °C. Once again, the hydrogen flux was normalized to its value after air regeneration to 
provide ease of comparison with the associated 
effect on the hydrogen flux or the n
N2, caused the hydrogen flux to drop to 11% of its initial value with the 
hydrogen transport had become surface process li
of the initial value after a day, a second 3.0 MPa He soak caused the flux to decline significantly. 
 
Figure 3.2 Normalized hydrogen flux and 
depression by N2 exposure and then recovery by a short 50 kPa air exposure. Unmarked sections with 
hydrogen flux data indicate the membrane was being soaked in pure H
36 
-limited regime. Slightly high 
2 through a bare support at 
-2 s-1, so the flux through the Pd film reported herein is only 
 
 
Figure 3.2 shows the effects on the hydrogen flux 
2 gases. All hydrogen flux measurements in the plot were taken 
-membrane pressure of 140 kPa; note that although not shown, a 
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mited. Furthermore, although the flux returned to 46% 
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However, after allowing for a day of recovery and observing a similar trend to the first recovery period, a 
20 min air exposure at 400 °C was observed to increase the flux and decrease the n-value to their 
respective initial values. And finally, after exposure to air, a third He soak was once again unable to alter 
the hydrogen flux. 
 Given that He did not affect the flux initially, but N2 caused a severe depression in flux, it might 
be hypothesized that N2 was the cause of the flux loss. This would inevitably lead one to conclude that 
nitrogen adsorption may have blocked surface sites and prevented hydrogen from entering the Pd film; 
but such a hypothesis cannot explain the secondary depression by the second He soak. After the flux 
began to recover from the N2 exposure, a He exposure should have done little to affect the flux if it was 
purely a nitrogen adsorption phenomenon, and the flux after the second He soak should have been either 
identical to or higher than the flux preceding the soak. Yet, because the He caused a decline after N2, an 
alternative hypothesis is proposed: the high pressure N2 exposure altered the surface structure and 
reactivity of the Pd film. 
 Evidence for the surface structure change is provided by the recovery after air exposure. 
Exposing Pd to oxygen-containing mixtures such as air is known to roughen the surface and cause an 
increase in the hydrogen flux [89,111,113]. Therefore, one can assume that the flux recovery after air 
exposure was likely due to the roughening of the surface. After the surface had been roughened by 
oxidation via an air treatment, He soaks once again had no effect on the hydrogen flux through the 
membrane because He itself does not appear to cause any changes to the original Pd surface. 
 In the context of evaluating potential mechanisms involved in surface modifications, we must 
consider why N2 had an effect, but He did not. Thus, some important relationships provided by the kinetic 
theory of gases should be discussed. The first equation is the kinetic energy of gas molecules, KE , 
TkE BK 2
3
  (3.2) 
where Bk  is the Boltzmann constant and T  is the temperature of the gas. This shows that the kinetic 
energy of gases increases linearly with temperature, but should not be dependent upon the pressure or 
molecular weight of the gas – and thus cannot explain differences in behavior observed for He and N2.  





  (3.3) 
where P  is the pressure of the gas species, M  is the molar mass of the gas, R is the universal gas 




proportional to the pressure, but has an inverse square root dependence on the molecular weight. Thus, a 
higher molecular weight gas such as nitrogen will collide less frequently with the surface than helium. 









mTkp B  (3.4) 
where Bk  is the Boltzmann constant, T  is the temperature, and m  is the molecular weight of the gas. In 
this case, the momentum is independent of pressure, but has square root dependence with both molecular 
weight and temperature of the gas. Thus, one hypothesis for the effects observed by N2 exposure in Figure 
3.2 is that a higher momentum allows more energy transfer to surface Pd atoms that may increase the rate 
of self-diffusion and rearrangement. To help visualize the change in momentum and impingement flux 
with molecular weight, Figure 3.3 shows these for several gases used throughout this study and includes 
error bars that represent the temperature range 350 °C to 500 °C. Specifically comparing He and N2, the 
tradeoff between flux and momentum is a factor of 2.64, suggesting the latter is more important.  
 Ideally, to test the hypothesis that momentum plays the biggest role in the flux inhibition 
mechanism, gases with a range of molecular weights should be investigated. However, to avoid 
complications related to chemisorption, gasses such as ammonia, methane and steam must be eliminated, 
as they are highly reactive at the temperatures employed and would likely affect the results by converting 
 
 
Figure 3.3 Gas impingement flux and momentum versus gas molecular weight at 425 °C and 3 MPa. The 
error bars represent lower and upper limits based on the temperature scale of 350 °C to 500 °C, 





into other products. This leaves the inert gasses Ne and Ar, and we focus on the latter due to constraints of 
cost and availability at high purity. As a fellow ideal gas, argon is expected to have similar adsorption 
properties to helium, but its collision imparts significantly more momentum (ca. 3.2×). Our further studies 
will show that argon is capable of reducing flux in a way similar to the nitrogen exposure discussed above, 
suggesting a link between gas momentum and flux inhibition.  
 
3.4.2   Temperature dependence and Pd surface self-diffusion 
 
 The previous section and Figure 3.2 showed that exposure to high pressure N2 could cause a 
decline in hydrogen flux that would not recover even when soaked in hydrogen for many hours at 400 °C. 
This next section, however, will attempt to show the transient behavior of this hydrogen flux decline 
during the high pressure non-hydrogen gas soak. Figure 3.4A displays the evolution of hydrogen flux 
measurements during a 3.0 MPa Ar soak for ca. 24 h for temperatures ranging from 350 °C to 500 °C. In 
this set of experiments, the membrane was air purged and subsequently exposed to 3.0 MPa Ar at the 
selected temperatures for ca. 24 h. Throughout the high pressure soak, the membrane was sporadically de-
pressurized and switched to hydrogen for short (ca. 5 min or less) times to obtain the hydrogen flux at the 
three pressures required to obtain the n-values. The membrane was then quickly re-pressurized to the 3.0 
MPa Ar condition to minimize low-pressure and hydrogen exposure effects. A maximum of 10 minutes 
elapsed during any single hydrogen measurement. Using the initial flux values for each temperature, an 
apparent activation energy for H2 permeation was calculated to be 13.4 ± 1.3 kJ mol-1. This shows that the 
palladium membrane was performing properly, as the expected value based on multiple sources is 14.7 ± 
3.9 kJ mol-1 [117–120]. The appropriate apparent activation energy provides further evidence that each 
subsequent air purge provided a similar Pd surface and similar H2 flux potentials. During these Ar soaks, 
the membrane was occasionally depressurized and an H2 flux measurement taken. These H2 
measurements took less than 10 minutes to depressurize the Ar, obtain stable H2 flux and then 
repressurize with Ar. Thus, it is not expected that the intermittent hydrogen flux measurements drastically 
affected the evolution of flux depression at any temperature.  
 The primary observation from Figure 3.4A is elevating temperature increased both the rate and 
the extent of flux depression. After each final value in Figure 3.4A, the membrane was exposed to 
hydrogen at 100 kPa and allowed to recover under H2 exposure over the following ca. 24 h. The recovery 
of the flux at each temperature is shown in Figure 3.4B, where increasing temperature appears to correlate 
with a lower recovery. At 350 °C, the hydrogen flux was only depressed to 65% of its initial value and 
was able to recover to 92% after the 24 h hydrogen soak. The data for 500 °C, however, show a rapid 
 
 
Figure 3.4 A) Hydrogen flux depression versus time during 3.0 MPa Ar soaks at various temperatures. B) 
Hydrogen flux recovery after ca. 24 h 3.0 MPa Ar exposures by soaking in 100 kPa H
of the time of exposure for 35% flux depression versus inverse temperature.
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depression in flux with a total decline to only 9% of its initial value and a recovery that stabilized around 
58%. Interestingly, the data at 450 °C were similar to 500 °C in terms of both total flux loss and the 
degree of recovery, suggesting that perhaps a final Pd surface state had been achieved for both 
temperatures. 
 Correlating flux depression with surface structure is merely a qualitative argument, but one piece 
of supporting evidence is provided in Figure 3.4C. Taking the time for flux depression to reach 65% of its 
initial value from Figure 3.4A for all four temperatures, an Arrhenius plot was created to calculate an 
apparent activation energy for rearrangement of the Pd surface. Typically, one would want to take the 
time at 50% recovery for the best estimate because the trend would have the highest slope and thus have 
less error in the measurement, but in this case, the 65% mark was chosen because this was the final flux 
measurement for 350 °C. As shown in Figure 3.4C, this calculation resulted in an apparent activation 
energy of 39 ± 12 kJ mol-1. This is not due to changes in gas flux or momentum, which are negligible over 
this range (Figure 3.3), suggesting that the temperature dependence reflects the properties of the Pd 
membrane itself.  
 Interestingly, the apparent activation energy for flux decline is quite similar to values reported for 
surface self-diffusion of Pd. Aggregating the literature data from both simulations and experimental 
measurements of the self-diffusion of Pd, Table 3.1 displays the average value and associated error for the 
activation energy over each potential Pd crystal surface. Much of this work was previously aggregated 
and discussed by Antczak and Ehrlich [121]. Although experimental measurements are somewhat limited 
in the literature, the apparent activation energy obtained in this work is right in-between the experimental  
 
Table 3.1 Average activation energy (kJ mol-1) for surface self-diffusion of Pd from the literature over 
each crystal face. Note that experimental results are only available for the 2D surfaces. 
1D Surfaces  
 Pd(110) Pd(311) Pd(331) 
Parallel Jump 36 ± 13a 36 ± 3d 40 ± 11e 
Perpendicular 
Exchange 
43 ± 10b – – 
Perpendicular 
Jump 
109 ± 31c – – 
 
2D Surfaces  
 Pd(100) Pd(111)  
Experimental 59 ± 4f 34i 
Jump 61 ± 15g 10 ± 5j 
Exchange 70 ± 15h 110k 
Refs. a[122–129] b[122,124–126,128,129] c[122,126–129] d[123,124] e[123,124] f[130,131] g[123,124, 




results for Pd(111) and Pd(100) of 34 kJ mol-1 [141] and 59 kJ mol-1 [130,131], respectively. Our value of 
39 kJ mol-1 is likely closer to the Pd(111) value of 34 kJ mol-1 because electroless deposition of Pd plates 
preferentially in the (111) direction, as determined by XRD peak intensity [111,148–150]. Additionally, 
simulations of Pd self-diffusion for Pd(110), Pd(311) and Pd(331) all predict values that are in agreement 
with the  apparent activation energy reported in this study. Therefore, a reasonable hypothesis is that the 
high pressure Ar was able to impart at least part of the energy necessary for Pd self-diffusion. The 
enhanced self-diffusion then annealed defects out of the surface of the Pd film, thus potentially changing 
the preferential crystal face. As will be discussed in the following section, differing Pd crystal faces may 
have significantly different hydrogen absorption rates, which could potentially explain the significant 
drop in hydrogen flux observed here. 
 
3.4.3   Pd surface morphology changes with Ar exposure 
 
 In an effort to directly test the hypothesis that exposure to high-pressure argon substantially 
changed the structure of the Pd surface, three tests with 25 μm thick Pd foils were performed. The first 
test simply involved heating to 400 °C, exposing to 20 min of air and then soaking in H2 for 1 h. This is to 
represent the initial surface after the membrane (re)activation process. The remaining two foils were 
mounted in VCR cells and heated to 400 °C under flowing He gas, whereat they were exposed to flowing 
air at 50 kPa for the normal 20 min duration. The gas was then switched to H2 and the foils heated to 
500 °C. At 500 °C, one foil was exposed to He and the other Ar at 3.0 MPa for 24 h before a final 
exposure to H2 for 1 h. Consistent with the results from the thin tubular membrane, the He soaked foil 
displayed no flux decline whereas the Ar soaked foil had a flux decline of about 95% at 140 kPa trans-
membrane pressure. These foils were then cooled and analyzed using AFM (Figure 3.5). 
 Figure 3.5 shows the surface morphology over a 5 × 5 μm square region. The basic morphology 
after air treatment (A) consists of a flat surface covered with a dense array of conical spires that extend ca. 
10 nm above the surface. The tallest spires appear as the white dots in the 2D images shown at left. 
Comparison of the initial sample (A) to those exposed to high pressure He (B) and Ar (C) shows that the 
density of these features is significantly reduced in both cases. Particularly, the size of the white dots, 
which correlates with the diameter of the peaks, in the initial sample appears to be greater than that of 
either treated samples.  
 This effect is quantified in Figure 3.6, which shows the average peak count versus the height 
threshold for peak determination. The peak count was performed on lines drawn vertically every 





Figure 3.5 AFM images of 25 μm thick Pd foils. Each foil was exposed to air at 400 °C for 20 min before 
soaking in hydrogen for 1 h at 100 kPa and 500 °C. (A) Hydrogen only (initial) (B) Helium treated for 24 
h and (C) Argon treated for 24 h. Left 2D images have the same scale bar to show relative peaks between 
samples, whereas right 3D images have varying scales to show individual characteristics of each. 
 
representing the standard error. Given the prevalence of visible peaks in Figure 3.5, it is reasonable that 
each sample contains the same number of peaks per micrometer when the height threshold is near zero; 
however, the argon sample shows a significantly lower number of peaks as the height cutoff threshold is 
increased. In other words, although the total peaks may not be significantly different, the argon sample 
had smaller peaks than either the helium or initial samples. Notably, although argon had the lowest 
roughness, even helium seemed to reduce the initial roughness. It might be concluded that helium may 
also assist in surface diffusion of Pd, but to a lesser extent than argon. Perhaps helium could also 
eventually induce a hydrogen flux depression, but the time-scales within this work were too short to 





Figure 3.6 AFM Peak Count for each of the three samples. Error bars represent the standard error of 
averaging four lines for each sample. 
 
 It is suggested that the flux decline reflects a reduction in both the quantity and quality of Pd 
surface sites available to facilitate H2 dissociation. AFM measurements show that the RMS roughness is 
reduced 12% and 30% after high pressure exposure to He and Ar, respectively. However, these relatively 
small decreases in specific surface area cannot explain the significant flux loss observed. Using DFT, 
Padama and coworkers [151,152] found that a Pd(110) face can more easily absorb hydrogen adatoms 
than a Pd(111) face. The (110) face is similar to the (111) except that it has a missing row, giving it a 
ridge and trough appearance. According to their calculations, it is more energetically favorable for 
hydrogen to adsorb, dissociate and absorb into the Pd layer over the ridge, but the presence of the trough 
enables the ridge to accommodate the H adatoms more efficiently.  
 Experimentally, it has been observed that defects in the surface may remain after oxidation and 
reduction [153,154], which may explain the increase and recovery of hydrogen flux after air treatments. 
Han et al. [153] observed a surface area increase of only 10% with oxidation and subsequent reduction of 
Pd(111) and Pd(110) faces at 673 K. In subsequent work, Han et al. [155] observed that the steps formed 
after oxidation of Pd(111) were oriented preferentially as Pd(110). In other words, although the surface 
area does not change significantly, oxidation and reduction appears to form Pd(110) oriented defects that 
are expected to absorb hydrogen more readily than the smoother Pd(111) faces. Relating this to the AFM 
images, it is likely that the nanoscale spires would have a higher density of surface defects and thus more 
(110) oriented regions. The subsequent loss of these features during high pressure exposure is consistent 




3.4.4   Influence of carbon dioxide and trace oxygen 
 
 Another interesting experiment conducted was exposing the membrane to two different purity 
grades of CO2. Figure 3.7A shows the hydrogen flux results for this experiment, wherein the primary 
result was that industrial grade CO2 raised the hydrogen flux whereas instrument grade depressed it. In 
the case of industrial grade CO2, which has a stated purity of 98%, the hydrogen flux actually increased 
by almost 60% after 24 h exposure. This did not agree with any of the previous results wherein high 
molecular weight gases caused a hydrogen flux depression, so a higher purity of CO2 was obtained and 
tested the following day. After 50 hours the membrane was exposed to instrument grade (99.99%) CO2 
for 24 hours. This resulted in a 95% reduction in hydrogen flux, which is much more consistent with the 
previous results and suggested further that all high molecular weight gases can cause this effect.  
 To understand better the origin of the differences observed, the compositions of the two sources 
were analyzed by GC-TCD and MS as shown in Figure 3.7B and C, respectively. Because O2 and N2 
overlap in the GC-TCD, this result represents the entire impurity content of the two CO2 grades, of which 
the signal intensity was calibrated using pure N2. The MS result isolates the 32 amu signal and thus 
represents only the O2 impurities, but no calibration gas was utilized. For this reason, the result is simply 
represented as a fraction of the 44 amu (CO2) signal. This means the MS result is only quantitative if the 
signal intensity is linear between each gas, but because this is not necessarily true, the result should only 
be used to quantify the relative O2 impurity level. From the GC-TCD results shown in Figure 3.7B, it can 
be seen that the industrial grade contained about 5300 ppm of impurities, whereas the instrument grade 
only contained about 100 ppm of total impurities. The GC shows that the industrial grade contains a 
factor of 53 times more impurities than instrument grade, but cannot distinguish N2 from O2. The MS 
results of Figure 3.7C then isolate the O2 specific impurities and show that the signal from the industrial 
grade was about 30 times greater than the instrument grade. Therefore, it is hypothesized that the higher 
O2 levels were enough to continuously oxidize and roughen the Pd surface – thereby not just preventing 
hydrogen flux depression but actually causing an increase in the overall flux. Because both the duration 
(24 hr vs. 20 minutes) and the temperature (500 vs. 400 ºC) were greater than that employed during air 
oxidation, the degree of oxidation and thus surface roughness would be expected to be greater, explaining 
the observed flux enhancement. Yet, reducing the O2 impurities to levels found in the instrument grade 
decreased the rate of oxidation-induced roughening low enough that CO2 was able to assist in Pd surface 






Figure 3.7 A) Hydrogen flux after exposure to two grades of CO2 gas at 500 °C. Industrial grade (98%) 
shown to increase flux, whereas instrument grade (99.99%) shown to depress flux. B) GC-TCD results 
for the two grades of CO2 used in this study. The left peak shows the combination of all impurities present 
in the gas, and the right peak represents CO2. C) Quadrupole MS results at 32 amu (O2), where it is clear 




 This experiment showed that gases with an oxidation potential could prevent the observed 
hydrogen depression effects, which explains certain results in the literature. For instance, high pressure 
steam methane reforming membrane reactors have been reported in the literature up to about 3 MPa by 
both Sarić et al. [156] and our group [157,158], yet no flux depression during long-term exposure was 
reported. Additionally, no negative effects for water gas shift separations were reported by Peters et al. 
[99]. This is possibly due to steam being used as a reactant because steam also has an oxidative nature. In 
these cases, in situ oxidation/reduction processes may continuously roughen the surface and overcome the 
detrimental impact of pressure-induced surface rearrangement. 
 
3.4.5   Pressure dependence 
 
 The last variable explored was the impact of pressure on flux depression. To understand how 
pressure affects the flux depression the membrane was again regenerated by air exposure before being 
exposed to increasing pressures of argon. Figure 3.8 shows the results of this test, wherein the membrane 
was exposed to increasing argon pressures and hydrogen flux measurements were taken during short 
intervals between the pure argon soaks. It is observed that flux depression did not occur until after a 2.0 
MPa Ar atmosphere was used. Interestingly, the flux inhibition occurred abruptly, and did not appear to 
be linear with exposure pressure. Two possibilities are suggested to explain the apparently abrupt 
reduction in flux. First, the bombardment effects on the surface may be higher than first order kinetics. In 
other words, it may require two simultaneous impacts to impart enough momentum energy to aid the self-
diffusion and surface rearrangement of Pd.  
 Alternatively, the second potential explanation is that the hydrogen flux is only appreciably 
reduced after a critical threshold of surface rearrangement has occurred. For example, exposure to high 
pressure He did not alter the flux (Figure 3.2) despite imparting appreciable changes to the surface 
structure (Figure 3.5). Likewise, it is quite reasonable to assume that at least some surface rearrangement 
would have occurred with Ar at the 1.5 MPa or lower pressures, but it seems that 24 h of exposure in any 
of these conditions did not cause sufficient surface rearrangement to depress the hydrogen flux. Yet, a 
cumulative effect may have been occurring that caused the sharp and sudden flux depression observed 
after the 2.0 MPa Ar exposure. This second explanation is also consistent with the high pressure He 
results shown in Figure 3.2. Recall that exposure to 3.0 MPa He did not alter the flux of pristine air-
treated membranes, but it did further depress the flux after it had been partially compromised by a high 
pressure N2 exposure. In the latter case, the threshold for flux inhibition has already been surpassed, and 





Figure 3.8 Normalized hydrogen flux and n-values for increasing pressures of Ar exposure at 673 K. 
Drastic hydrogen flux loss was not observed until after a 2.0 MPa Ar exposure.  
 
 It is somewhat surprising that the phenomenon reported here has not been discussed in the 
literature, likely because most groups studying Pd films do not use pressures in the MPa range. One of the 
highest pressures reported was by Ryi et al. [159] who exposed a Pd film to 40% CO2 in H2 at 2.0 MPa 
and up to 400 °C for an unspecified length of time. Yet, this would only amount to a partial pressure for 
CO2 of 0.8 MPa – well below the 2.0 MPa threshold required to observe flux depression in this study. In 
addition, the presence of oxidative impurities, intentional or otherwise, would have masked this effect as 
demonstrated above.  
 One important final note is that the effects of co-exposure to hydrogen were not studied in this 
work. Although the Pd surface appears to rearrange with exposure to high pressure gases, it is not clear 
how or if this effect would occur in the presence of co-existing hydrogen. Any partial pressure of 
hydrogen would enter the Pd film and create a large quantity of H-adatoms on the surface. Thus, it is 
possible that this surface hydrogen would pose an additional barrier to the bombardment by other gases 
and prevent significant surface rearrangement. This may be another reason other groups that exposed Pd 
to high pressures may not have reported any flux depression, however, further work is required to obtain a 
better understanding.  
 
3.5   Conclusions 
 
 Throughout this work, we have explored the effects of high pressure gas exposure on the 




weight and non-reactive gases at high pressures caused a subsequent hydrogen flux depression. This 
effect was observed for N2, Ar, and CO2 at 3.0 MPa and 500 °C, wherein a substantial decline in 
hydrogen flux within 24 h only recovered to ca. 60% of its initial value after 24 h of subsequent hydrogen 
exposure. Yet, exposure to He was not found to cause any hydrogen flux inhibition during the 24 h 
exposure cycles. The temperature dependence of the hydrogen flux depression after exposure to argon 
was found to have an apparent activation energy of 39 ± 12 kJ mol-1, which is well within the range of Pd 
surface self-diffusion activation energies of 34 kJ mol-1 to 59 kJ mol-1 for Pd(111) and Pd(100) surfaces, 
respectively. Additionally, AFM images revealed that the Pd surface became smoother with a reduction in 
density of nanoscale features after high pressure exposure, with the effect being worse for argon exposure 
but still visible after helium exposure. Thus, it was proposed that gas bombardment aids the surface self-
diffusion process, causing morphological changes that affect its hydrogen absorption rate. It is suggest 
that the flux depression is due to the preferential loss of facets such as the Pd(110) surface that efficiently 
adsorb and dissociate H2. This hypothesis is also consistent with an observed transition in rate limiting 
step for hydrogen transport from bulk diffusion to surface kinetics. This effect was not observed when the 
exposure gas was helium or at pressures < 2 MPa, suggesting that both impinging gas and flux are 
important factors that promote smoothening of the Pd surface. Lastly, it was observed that the flux loss 
could be completely reversed by air treatment or prevented by the presence of O2 impurities (ca. 1%) in 
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4.1   Abstract 
 
 In this work, we discuss an observed reduction of magnesium from a MgO/MgAl2O4 ceramic 
substrate by permeating hydrogen in thin-film Pd membranes. Membranes were fabricated via electroless 
plating of Pd on a porous MgO/MgAl2O4 substrate and tested under pure hydrogen permeation conditions 
between 500 °C and 700 °C. It was observed that a rapid and severe hydrogen flux decline occurred at 
700 °C, whereat up to 96% of the hydrogen flux was lost within 40 h of operation. Using energy 
dispersive x-ray spectroscopy and x-ray photoelectron spectroscopy, it was concluded that the flux loss 
occurred due to alloying and a subsequent surface segregation of Mg in the Pd film. In contrast, a control 
test in which the membrane was soaked in hydrogen at 700 °C without permeation resulted in no MgO 
reduction or alloying with the Pd. The significantly enhanced reduction of MgO/MgAl2O4 during 
membrane operation is attributed to the chemical potential provided by atomic hydrogen permeating 
through the membrane. 
 
4.2   Introduction 
 
 The term strong metal-support interaction (SMSI) is commonly used to describe peculiar catalytic 
behavior of some support-metal combinations, with a recent review by Pan et al. [160] describing many 
of the various electronic, geometric and bi-functional effects observed on supported catalysts. 




phenomena associated with SMSI. Essentially, it is observed that various metal-support combinations can 
have greatly different catalytic properties due to various interactions between the metal and the oxide 
support. 
 A commonly reported effect occurs between TiO2 and group VIII metals, which includes Pd used 
in hydrogen separation membranes. Fernandez et al. [162] reported that TiO2 used as a catalyst support 
material was shown to degrade and attach to the surface of a PdAg film used in a fluidized bed for water 
gas shift separations at 400 °C. Huang and Dittmeyer [163] suggested that TiO2 used as a diffusion barrier 
between Pd and a stainless steel support may interact with the Pd film, but hydrogen flux measurements 
were reported to be constant at 500 °C over weeks, although actual measurements over time were not 
reported. Yet, this should come as little surprise to catalysis experts because the first use of the SMSI term 
arose in 1978 from Tauster and Fung [164] who specifically cited TiO2 as an SMSI catalyst when they 
coated the surface with Ir and conducted CO adsorption studies.  
 Other examples have since been discovered, such as the formation of PdZn alloys upon the 
reduction of ZnO when coated with Pd particles [165], and the reduction of TiO2 was even confirmed 
when using Pd [166], rather than the Ir of Tauster and Fung [164]. Naumann d'Alnoncourt et al. [167] 
studied the effects of a Pd/FeOx and observed Pd encapsulation when reduced at 250 °C. However, 
Tauster and Fung [164] also cited some specific oxides that were non-SMSI functional, such as Al2O3, 
MgO, Y2O3 and ZrO2. The lack of a significant SMSI effect explains why these familiar materials are the 
common choice for supported catalysts today. Yet, in the work to be described here, an apparent 
reduction of an MgO/MgAl2O4 support suggests that SMSI effects may be enhanced when hydrogen is 
permeated rather than fed in a conventional manner. Instead of looking solely at the SMSI effects, it may 
be prudent to understand the reactive nature of permeating hydrogen to obtain a complete picture of how 
non-SMSI oxides may still be reduced at temperatures lower than expected. 
 Within the Pd membrane reactor field, recent interest has focused primarily on dehydrogenation 
of a system, with systems of interest including ammonia decomposition [49,60,56,62,61,64], steam 
methane reforming [157,158,168–176], methanol and ethanol reforming [177,178], as well as the water 
gas shift reaction [179,180]. Yet, more relevant to this work are the hydrogenation membrane reactor 
studies because feeding hydrogen via a hydrogen permeable membrane has been shown to increase 
conversion and enhance selectivity for some products.  
 Gryaznov and co-workers were among the leaders to explore hydrogenation in Pd-based 
membrane reactors [181]. In the early 1980s they studied the selective hydrogenation of alkynes [182] as 
well as a host of cyclic aromatic compounds (benzene, cyclohexadiene, cyclopentadiene, cyclo-octa-1,5-




kinetic rate of hydrogenation over a co-fed reactor environment – and in some cases even improved the 
partial hydrogenation selectivity. 
 Early studies focused on the hydrogenation of unsaturated hydrocarbons [184–187], but studies 
that are more recent have shown that the increased hydrogenation kinetics can be applied to multiple 
systems, including enhanced selectivity for the formation of hydrogen peroxide [188], increased kinetic 
activity for ammonia synthesis [189–191], hydrogenation of benzene to cyclohexanone [192], CO2 
methanation [193], the direct hydroxylation of methyl benzoate to methyl salicylate [194], and several 
studies on the hydroxylation of benzene to phenol [195–198]. Once again, each case has shown 
permeating hydrogen to be significantly more reactive than its gas-fed counterpart. 
 Increases in the reactivity of permeating hydrogen has two potential reasons: an increase in the 
associated free energy of atomic hydrogen and the presence of a high throughput of these atoms at the 
permeate interface. Dissociation of hydrogen on the feed side of the membrane requires approximately 
100 kcal mol-1 of heat energy, meaning that each atomic hydrogen species has about 50 kcal mol-1 of free 
energy. This energy is simply lost to heat upon typical recombination into diatomic hydrogen on the far 
side of the membrane, but alternatively this energy could be considered a source of free energy for atomic 
hydrogen to react with the first surface species it contacts. Furthermore, permeation of hydrogen allows 
on the order of 10,000 monolayers/s of hydrogen to pass given a flux of 0.1 mol m-2 s-1 and assuming a 
flat Pd surface with only one hydrogen atom attached at any moment. Such a flux is easily obtainable for 
thin Pd films operated at 50 kPa to 100 kPa trans-membrane pressure, which typically have permeances 
above 10-3 mol m-2 s-1 Pa-0.5. Hydrogenation membrane reactors are simply an attempt to utilize this high 
throughput coupled with the free energy of hydrogen atoms by loading the permeate side of the 
membrane with another reactive species.  
 Finally, perhaps most relevant to the current work are the studies performed by Okazaki and 
coworkers [199–201]. In their work, it was observed that their -alumina supports were being reduced to 
metallic aluminum by permeating hydrogen through thin film Pd membranes as low as 650 °C. 
Remember that Tauster and Fung [164] specifically cited Al2O3 as a non-SMSI catalyst. Essentially, 
Okazaki and coworkers have suggested that there may be a significant increase in SMSI effects when 
utilizing permeating hydrogen as the reactive mixture. 
 In the current work, we detail an observed reduction of an MgO/MgAl2O4 mixed ceramic caused 
by permeating hydrogen through a Pd film, despite these materials being used in high temperature 
catalytic environments [202–204]. This reduction causes Mg to alloy with the Pd film, permanently 




effect requires permeating hydrogen, whereas effects from gas-phase hydrogen are far less pronounced. In 
this regard, the change in ceramic stability when atomic hydrogen is present will be discussed. 
 
4.3   Experimental 
 
4.3.1   Membrane fabrication, testing and characterization  
 
 The membranes used in this study were fabricated using electroless deposition of Pd onto a 
tubular, asymmetric support from Praxair Surface Technologies (Indianapolis, IN) similar to the method 
described in our recent publication [65]. The top layers of the substrate tubes were coated over a large 
pore substrate consisting of yttria-stabilized zirconia (YSZ). These top layers were fabricated from either 
YSZ or a magnesium oxide and magnesium aluminate spinel mixture (MgO/MgAl2O4) hereafter referred 
to as MO/MAO. Pd film thickness was determined by both gravimetric analysis and X-ray fluorescence 
spectroscopy (Fischerscope X-Ray XDLM-C4 PCB) before being mounted using graphite ferrules and 
metal fittings exactly as described in our previous work [65]. 
 Membranes were tested in a Lindberg MiniMite tube furnace equipped with an inline and back-
pressure regulator on the retentate stream. The permeate was left open to atmosphere (ca. 82 kPa) and a 
soap bubble flowmeter was used for permeate measurements. Gases supplied were either industrial grade 
H2 (99.9%) or N2 (99%). A summary of the various membranes tested in this work can be found in Table 
4.1, including their initially fabricated N2 leaks. A general criterion used in this study was that the as-
fabricated N2 permeance of the Pd membranes at room temperature must have been below 10-9 mol m-2 s-1 
Pa-1 to proceed with a test. 
 








Pd Thickness  
(µm) N2 Permeance at 20 °C 
(10-9 mol m-2 s-1 Pa-1) 
Gravimetric XRF 
M1 YSZ 18.5 4.8 5.0 0.81 
M2 YSZ 19.2 3.3 3.6 0.92 
M3 MO/MAO 20.1 3.9 4.2 0.99 
M4 MO/MAO 20.9 3.2 3.3 0.16 
M5 MO/MAO 21.2 3.5 3.7 0.12 





Elemental analysis of the membranes was performed using energy dispersive x-ray spectroscopy (EDS) 
within an environmental scanning electron microscope (Quanta 600 FEI ESEM) and X-ray photoelectron 
spectroscopy (XPS) (PE-5800 ESCA). The MO/MAO support was characterized using XPS, a field 
emission scanning electron microscope (JEOL JSM-7000F) equipped with EDS and X-ray diffraction 
(XRD) (Siemens Kristalloflex 810). 
 
4.3.2   Support characterization 
 
 As stated previously, the supports used in this study were fabricated and supplied by Praxair 
Surface Technologies (Indianapolis, IN). The as-received MO/MAO supports did not include any 
information on their materials composition and the exact fabrication process, including such variables as 
the firing temperature and the use of binding agents, remains undisclosed. As such, this section details the 
methods used to characterize and determine an approximate materials composition of the MO/MAO 
supports without direct knowledge provided by the vendor. First, Figure 4.1 shows a sample XRD pattern 
for the MO/MAO supports used in this study. In the pattern, clearly defined peaks are observed for MgO 
(ICSD 26958), MgAl2O4 (ICSD 079000) and YSZ (ICSD 079197); however, no peaks were found to 
align with Al2O3 (ICSD 200141).  
 Analysis of the XRD peaks was then performed to calculate an average crystallite size of the 
MgO and MgAl2O4 for peaks up to a 2θ of 95°. The lattice parameters of 0.421 nm for MgO [205] and 
 
 
Figure 4.1 XRD pattern for a bare support. Peak locations correspond to MgO, MgAl2O4 and 




0.809 nm for MgAl2O4 [206] were used in a Scherrer analysis of all XRD peaks to give an average 
crystallite size of 49 ± 7 nm for MgO and 53 ± 12 nm for MgAl2O4. In performing the Scherrer analysis, 
it was assumed that the shape factor was unity and the XRD instrument was known to have a peak 
broadening of about 0.032 across the angles of interest. Interestingly, both ceramic oxides had nearly 
identical crystallite sizes, which may suggest a level of uniformity in the processing and firing of the 
ceramic supports. 
 Next, a cross-sectional SEM image of M6 (Figure 4.2A) shows that the Pd layer was coated on a 
two-layer support structure consisting of ca. 15 μm of MO/MAO on top of YSZ. Figure 4.2B shows EDS 
spot scans on each of the two support layers, which confirms the purity of the YSZ and reveals that the 
top layer contains a ceramic mixture of Mg and Al metals in an elemental ratio of  0.49 (O), 0.30 (Mg) 
and 0.21 (Al). Combining these results with the XRD pattern suggests that the support layer in contact 
with Pd must consist of a mixture of MgO, and MgAl2O4 – Remember that the XRD pattern excluded 
Al2O3 as a possible compound.  
 
 
Figure 4.2 A) SEM cross-section of M6. Pd thickness is 2.8 µm and the MO/MAO top layer is ca. 23 µm 




 Finally, now that the top layer is known to consist of MgO and MgAl2O4, an approximate mixture 
can be calculated from the data. For XRD data, the Reference Intensity Ratio (RIR) method can be used 
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 are the expected intensities for MgO and MgAl2O4 compared to a corundum 
standard obtained from the ICSD database, and MgOx  and 42OMgAlx  are the mass fractions of MgO and 
MgAl2O4 in the binary mixture. From Figure 4.1, the maximum MgAl2O4 peak has an intensity of 0.789 
compared to unity for MgO. This is combined with I/Ic values of 3.42 for MgO (ICSD 26958) and 1.73 
for MgAl2O4 (ICSD 079000) to obtain an estimate for the binary mixture mass fractions of 39.2% MgO 
and 60.8% MgAl2O4 (Table 4.2). 
 Estimates for the composition based on EDS and XPS results are also shown in Table 4.2, where 
the fractions were calculated using the ratios of Mg and Al peaks. Although the XRD and EDS data are in 
good agreement at ca. 1/3 MgO fraction, the XPS estimate is significantly lower at ca. 1/4 MgO fraction. 
However, given XPS is a surface sensitive technique whereas XRD and EDS are representative of the 
bulk, this may simply be due to local variances in surface composition or contamination issues. 
 
4.4   Results and discussion 
 
4.4.1   Rapid flux decline on MO/MAO supports 
 
 The first set of experiments is used to illustrate the hydrogen flux instability of the MO/MAO 
supports. Figure 4.3 shows hydrogen flux versus time at 700 °C and 100 kPa pressure differential for M1 
and M2 that were YSZ-supported membranes, as well as M3 that was a MO/MAO-supported membrane. 
Although there is an initial decline in hydrogen flux for M1 and M2, this decline appears to stabilize over 
 
Table 4.2 Composition estimates for the top layer of the MO/MAO supports. 
 Mass Percent Atomic Percent 
 MgO MgAl2O4 MgO MgAl2O4 
XRD 39.2 60.8 69.5 30.5 
EDS 35.6 64.4 66.1 33.9 




time and the value of hydrogen flux remains near 0.2 mol m-2 s-1 for the final seven days of testing. 
Furthermore, the initial/final selectivities of M1 and M2 were 5700/630 and 7200/3100, respectively. 
Much of this decline in selectivity was due to the initial decline in hydrogen permeance, although the 
nitrogen leak permeance was shown to increase over time for M1. However, M3 was shown to have a 
greatly diminished hydrogen flux which caused its initial/final selectivity to be 7200/40.  
 Declining hydrogen flux of Pd-based membranes has been previously observed when operated at 
elevated temperatures [200,207], and may be related to the smoothening of the Pd surface and decrease in 
hydrogen sorption rate. It is well known that oxidation of a Pd (or Pd-alloy) surface can cause roughening 
and subsequent increase in the sorption rate of hydrogen into the bulk that increase hydrogen flux 
[111,89,113,87,88], but the oxidation studies never operated at temperatures above 500 °C. One way of 
explaining the decline in hydrogen flux is that high temperatures increase the mobility of the Pd and allow 
the surface to smoothen; this has the opposite effect of an oxidation of the surface and would result in a 
lower hydrogen sorption rate into the Pd bulk. 
 When considering the surface changes caused by oxidation, it is possible that the resultant 
increase in hydrogen permeance is due to an increase in the presence of the Pd(110) face over the Pd(111)  
due to a higher rate of sorption into the Pd(110) face [151,152]. Thus, the decline in hydrogen permeance 
may be due to the annealing of defects in the surface that preferentially result in the Pd(111) face. Based 
on XRD data (Figure 4.5) it is known that electroless plating preferentially forms the Pd(111) crystal 
structure, yet oxidation is known to form some Pd(110) defects on the surface [155]. In our fabrication 
procedure, we dry membranes in an open air furnace at 120  °C after electroless plating to drive water 
from the supports so that gravimetric analysis can be performed and some oxidation likely occurs at this 
temperature. Although leak changes due to oxidation at 120 °C have not been observed, this may explain 
the formation of additional Pd(110) surface defects that may anneal back into a Pd(111) face due to the 
preferential arrangement of the bulk Pd film. We have previously shown that surface roughness can 
change with high pressure gas exposures using AFM [208] and we suggest that a similar phenomenon 
may occur at high temperature, although a more thorough study using flat samples would be required to 
substantiate this claim. 
 Although a decline caused by surface structure changes may explain decreases seen for M1 and 
M2, M3 suffered a near complete loss of hydrogen flux within two days of operation that is not as easily 
explained. The final flux of 0.02 mol m-2 s-1 was only 5% of the original value, and was an entire order of 
magnitude lower than the YSZ-supported membranes – even though it initially possessed the highest flux 






Figure 4.3 Hydrogen flux versus time at 700 °C and 100 kPa pressure differential for M1 (YSZ), M2 
(YSZ) and M3 (MO/MAO), showing rapid failure on the MO/MAO support as compared to the YSZ 
supports. 
 
 Upon examining the surface of M3 after permeation with EDS, as shown in Figure 4.4, it became 
evident that Mg had likely alloyed with the Pd film and was inhibiting hydrogen transport. Furthermore, 
EDS suggested that the Mg might have been surface-segregated because the Mg peak intensity increased 
as the accelerating voltage decreased. As shown, the Mg peak was clearly evident at 5 kV, but was nearly 
gone at 20 kV. It is possible that the Mg became surface segregated due to the formation of either an 
oxide or hydride that caused dealloying. Oxide formation is unlikely due to the prevalence of hydrogen, 
but the gas was only industrial grade and thus a very slight oxygen impurity may have been present. 
Alternatively, hydride formation with magnesium is quite possible due to the ease of forming magnesium 
hydride species and continual presence of hydrogen gas. In fact, de-alloying of hydride materials is a 
known design issue with certain alloys [209]. Notably, no Al peaks were visible for any accelerating 
voltage. Finally, although not shown here, EDS results for YSZ-supported membranes contained only Pd 
and O peaks for all accelerating voltages. This indicates that at these accelerating voltages EDS probes 
the composition of the exterior Pd-based film and not the underlying support.  
 When considering alloying of the Mg with Pd, XRD patterns can potentially add evidence of this 
due to shifts in the pure metals peaks. Figure 4.5 and Table 4.3 show the XRD pattern and peak fit 
locations for M1 before testing and M3 after the 40 h exposure at 700 °C. Only a very slight peak shift 
was observed for M3 over the as-fabricated M1, suggesting that perhaps a slight alloying effect can be 
observed; however, it must also be noted that M1 was already shifted slightly from the ICSD standard for 
Pd, suggesting that the effects may also be due to the instrument or sample mounting.  
 
 
Figure 4.4 EDS results at multiple energies for M3. The Mg peak is only visible at low accelerating 
voltages, suggesting it may be localized to the surface of the Pd film.
 
 In particular, it is noted that the samples are curved and, although it seems minimal here, a peak 
shift is possible if the sample is not perfectly flat because the angle is reliant upon a perfect reflecti
the detector. A curved sample that does not have the beam hitting the top perfectly will have a slight 
variance in the angle between the sample and detector which can cause an apparent peak shift. Thus, the 
data here is more likely due to error in th
 
Figure 4.5 XRD pattern of M1 and M3 showing similar peaks with negligible peak shifting for the 













Table 4.3 List of peak fit locations for M1 and M3 based on the XRD data. Pd standard comes from ICSD 
64922. 
Peak Position (2θ) 
h k l ICSD M1 M3 
1 1 1 40.119 40.145 40.164 
2 0 0 46.659 46.699 46.762 
2 2 0 68.121 68.187 68.259 
3 1 1 82.100 82.203 82.249 
2 2 2 86.619 86.647 86.708 
 
film. This is not surprising because the high energy (20 kV) EDS results already showed a diminishing 
Mg peak that suggests the bulk of the Pd film may only have a very small Mg content – perhaps much 
lower than required for significant peak shifting. 
 
4.4.2   Temperature dependence of flux decline 
 
 The second set of experiments is used to determine the temperature dependence of this apparent 
Mg-oxide reduction. As Figure 4.6A shows, the hydrogen flux appeared to be stable when a MO/MAO-
supported membrane was tested at 500 °C, but the flux began to decline as early as 550 °C operation. This 
effect simply became more severe for higher temperatures, with the extreme case resulting in near 
complete failure at 700 °C. As before, EDS was used to analyze the Pd surfaces after testing to look for 
the presence of impurities (Figure 4.6B). In this case, both M5 (550 °C) and M6 (700 °C) showed a Mg 
peak after testing, whereas M4 (500 °C) did not. This gives a clear suggestion that hydrogen flux decline 
on the MO/MAO supports can be related to the reduction and alloying of Mg with the Pd film. 
 
4.4.3   Soaking versus permeating hydrogen 
 
 Although flux data for M6 were shown in Figure 4.6A, this particular experiment involved 
another aspect that suggests permeating hydrogen was critical to the reduction of the ceramic support. M6 
was originally cut into three pieces, with the first piece being left untested and referred to as the as-
fabricated sample. The other two pieces were placed in a furnace and tested under a 100 kPa hydrogen 
atmosphere for 46 h at 700 °C. Importantly, however, these two pieces were operated in different manners. 
The permeated sample was mounted and tested as all other membranes, with hydrogen entering from the 





Figure 4.6 A) H2 flux versus time for M4 (500 °C), M5 (550 °C), and M6 (700 °C). B) EDS at 5 kV 
accelerating voltage of M4 (500 °C), M5 (550 °C), and M6 (700 °C).  
  
sample, however, was simply left un-sealed and allowed to sit within the hydrogen atmosphere with no 
net permeation in any direction (PFeed = PPermeate). 
 EDS spectra of the three pieces of M6 after testing are shown in Figure 4.7. Each scan was 
performed at 5 kV accelerating voltage, and what becomes evident from these spectra is that Mg is only 
detected in the sample exposed to hydrogen permeation. Even though the soaked membrane was exposed 
to hydrogen at 700 °C, no evidence of Mg-oxide reduction can be seen. This supports a hypothesis that 
permeating hydrogen was necessary for the reduction to occur because it is fundamentally more reactive 
than gas-phase hydrogen. Similar to the increase in hydrogenation rates shown by permeating hydrogen in 





Figure 4.7 EDS at 5 kV for M6 showing that permeation mode may be necessary for significant Mg 
reduction. Total testing time for M6 (both permeated and soaked samples) was 46 h at 700 °C. 
 
able to overcome an energy barrier for the reduction of the ceramic support at a much lower temperature 
than would be necessary for gas-phase hydrogen. 
 The EDS results were then verified by XPS, wherein each sample was scanned for Pd, Mg and Al 
peaks (Figure 4.8). Interestingly, whereas the soaked and as-fabricated samples showed primarily Pd 
peaks, the permeated sample actually had no Pd visible on the surface and was replaced entirely by Mg. 
Thus, the rapid and extreme hydrogen flux decline appears to have been due to a surface segregation of 
Mg on the Pd surface, effectively blocking dissociation and absorption of the hydrogen into the Pd bulk.  
 It must be noted that the magnified image provided in Figure 4.8B shows that the soaked sample 
may have had an extremely slight Mg peak. Given the low signal to noise ratio for this peak, it is possible 
that signal drift might explain the apparent peak, especially given that its peak location of 88.16 eV was 
shifted from the 88.97 eV of the permeated sample (Table 4.4). However, it is also quite possible that the 
support was inherently unstable and would have eventually reduced regardless of whether hydrogen was 
permeated or exposed conventionally. Perhaps the reduction was simply greatly enhanced during 
permeation of hydrogen. As stated earlier, the permeation mode may enhance the reaction kinetics 
because of the throughput of monolayers of reactive atomic hydrogen over conventional catalytic surface 
exposures. Regardless, the peak intensity was clearly stronger for the permeated sample and this surface 
segregation explains the apparent drop in hydrogen flux for the MO/MAO supported membranes. 
 Table 4.4 gives the exact peak locations of each of the three samples, showing that no significant 
peak shift was observed for any sample. The C1s peak was nearly identical for each sample, and only  
 
 
Figure 4.8 A) XPS of M6 showing 
Pd peaks represent the peak fit for Pd and PdO (if present). B) Magnified resolution of Mg and Al peaks 
for the soaked and as-fabricated samples.
 
slight variance was observed for the O1s p
both Pd and PdO peaks visible. These peaks were resolved by fitting two peaks into the region (gray 
curves in Figure 4.8A) and this resulted in nearly identical peak locations of Pd for both the soaked and 
as-fabricated samples. The origin of the PdO peaks on the soaked sample is likely from the cooldown 
period of the furnace. To avoid embrittlem
pure N2 atmosphere, but this N2 was only industrial grade (99%). Thus, an O




permeation mode necessary for Mg reduction. Gray curves within the 
 
eaks. Interestingly, the soaked membrane appeared to have 
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Table 4.4 XPS peak locations for each sample of M6. 
Element Shell Peak Location 
As-Fabricated Soaked Permeated 
C 1s 284.78 284.78 284.82 
O 1s 531.71 532.07 531.78 
Mg 2s - 88.16 88.97 
Pd 3d5/2 334.80 334.85 - 
3d3/2 340.09 340.11 - 
PdO 3d5/2 - 335.97 - 
3d3/2 - 341.23 - 
 
4.4.4   Equilibrium reduction potential 
 
One interesting calculation is the shift in equilibrium for oxide reduction between atomic and diatomic 
hydrogen. In trying to understand the observed reduction, it is useful to consider some of the possible 
chemical reactions that may be occurring in this system. Essentially, four possible reactions may lead to 
the direct formation of Mg. 
OHMgHMgO 22   (4.2) 
OHMgHMgO 22   (4.3) 
OHOAlMgHOMgAl 232242   (4.4) 
OHOAlMgHOMgAl 23242 2   (4.5) 
Reactions 4.1 and 4.3 represent the potential reduction of an oxide by diatomic hydrogen, yet this seems 
unlikely even with the Pd acting as a catalyst given the use of MgO and MgAl2O4 as high-temperature 
catalyst supports [202]. Wang et al. [203] tested Ni/MgO catalyst for dry reforming and observed stability 
at 750 °C. Hill and Misture [204] reduced Ni from a NixMg1-xAl2O4, but even this was not observed to 
any significant extent until about 800 °C. If the support degraded, it would likely have been mentioned in 
the literature previously. Additionally, the test wherein M6 was soaked in H2 and not found to contain Mg 
afterwards further suggests that this mechanism is unlikely.  
 Reactions 4.2 and 4.4, on the other hand, represent reduction by atomic hydrogen permeating 
through the Pd film. The atomic hydrogen that permeates through the Pd membrane is most accurately 
described as PdH. However, it is difficult to calculate the equilibrium for this reaction due to a lack of 
data for the PdH species. Therefore, the system is approximated by Reactions 2 and 4, wherein 
monatomic hydrogen is seen to react with the oxides to produce a pure Mg metal and water. It is most 




 Equilibrium for chemical reactions can be calculated using the Gibbs energy relation 
 eqKRTG ln   (4.6) 
where G  is the difference in the Gibbs energy for the reaction, R  is the universal gas constant, T  is 
the temperature and eqK  is the equilibrium constant. This can be combined with the relationship between 
Gibbs energy, enthalpy and entropy, along with the Shomate equations and information from the NIST-
JANAF thermochemical tables [210]. Resulting equilibrium lines are plotted in Figure 4.9 for the 
reactions of interest. 
 From Figure 4.9, it is clearly evident that monatomic hydrogen atoms cause a large shift in the 
equilibrium conversion over diatomic species. For both MgO and MgAl2O4, diatomic hydrogen prefers to 
stay in its diatomic form and reduction is very unfavorable. Yet, when monatomic hydrogen atoms are 
exposed to the system, the reduction of MgO and MgAl2O4 actually becomes quite favorable, with the 
reduction of MgO having a Keq > 1 for all temperatures of interest. This is not to say that all of the 
monatomic hydrogen will reduce the oxides; in fact, as the recombination of hydrogen line shows, simply 
reforming H2 remains much more favorable than direct oxide reduction for all temperatures. However, 
only a small fraction of the oxide would need to reduce to create a thin surface layer of Mg that can block 
hydrogen permeation and result in the effects seen within this work.  
 Furthermore, another pathway involving MgH2 may be possible that could lead to a more 
plausible reduction of the oxides. The formation and decomposition of MgH2 has been studied as a 
 
Figure 4.9 Gibbs free energy calculations of Keq for potential reduction of MgO and MgAl2O4 using both 




hydrogen storage material [211], and our thermodynamic calculations suggest that it could also be a 
product of our MgO reduction. This pathway could involve Reactions 5 and 6 to produce a pure Mg 
capable of alloying with the Pd film.
HMgHHMgO 24 
22 HMgMgH   
As Figure 4.10 shows, the formation of MgH
atomic hydrogen as a reagent. Furthermore, the MgH
spontaneously decompose itself into Mg and H
MgO. Finally, although not shown in 
the hydrogen were provided in the form of H
occurring due to a high prevalence of atomic hydrogen available on the permeating surface of the Pd film.
 Although it is true that any heterogeneous catalyst environment would see atomic hydrogen 
adsorbed to the catalyst surface and potentially in contact with the supporting oxide material, it seems that 
permeating hydrogen appears to act quite differently. On
simply allows many more monolayers of hydrogen to interact with the support. In other words, the 
reactivity of the individual hydrogen may be no different, but the act of permeation at the fluxes seen in 
Pd membranes allows ca. 10,000 monolayers/s to pass the support interface. Thus, instead of the
 
Figure 4.10 Gibbs free energy calculations of K





2 is actually competitive with the simple H
2 is unstable at higher temperatures and would 
2 even if formed from the atomic hydrogen reduction of 
Figure 4.10, the formation of MgH2 would be highly unfavorable if 
2. Thus, it is again hypothesized that the reduction is only 
e possibility is that the permeation of hydrogen 
 










reactivity for one monolayer sitting within a gas mixture, the permeation may allow for an apparent 
increase in kinetic rate simply because of the increase in hydrogen atom interactions at the Pd-
MgO/MgAl2O4 interface. 
 In closing, a few notes on the relative potentials for reduction of MgO and MgAl2O4 should be 
stated. Fruehan and Martonik [212] reduced MgO using carbon in various oxygen-depleted atmospheres 
at 1475 °C to 1600 °C, but both the thermodynamics and kinetics would be much different at such high 
temperatures for either oxide. Sainz et al. [213] studied the reduction of MgAl2O4 under reducing 
(oxygen-depleted) environments and observed Mg to volatilize and leave behind an alumina-enriched 
spinel at temperatures as low as 1250 °C. Interestingly, the effects were worse for Mg-enriched spinels, 
which would be similar to the MO/MAO composition used in this study. Thus, from the literature we 
might conclude that either oxide might be capable of reducing. However, as the thermodynamics have 
shown, MgO is consistently more prone to reduction than MgAl2O4 for any of the potential products. In 
fact, the most likely pathway we saw was in the formation and subsequent decomposition of MgH2 from 
MgO. However, we acknowledge that no direct evidence can be produced in this work for reduction of 
one oxide over the other and a more varied MO/MAO compositional study would be required to elucidate 
further the exact nature of the observed reduction. 
 
4.5   Conclusions 
 
 Throughout this work, we have discussed an observed reduction of Mg from a MgO/MgAl2O4 
mixture via permeating hydrogen through thin-film Pd membranes. These membranes were tested at 
700 °C, at which up to 96% of the hydrogen flux was lost within 40 h of operation. Both EDS and XPS 
showed that Mg had migrated to the surface of post-tested Pd membranes, suggesting that H2 flux loss 
was due to the presence of Mg disrupting the ability to dissociate H2. Notably Mg was not detected in a 
Pd membrane that was soaked in H2. This suggests that permeation of atomic hydrogen was the critical 
factor that increased the kinetics of the Mg-oxide reduction process. Using equilibrium data, we showed 
that the reduction process is unfavorable for diatomic hydrogen, but can be quite favorable if the supplied 
hydrogen is in an atomic (protonic) form. Moreover, MgO is expected to be reduced more readily than the 
MgAl2O4 spinel. These energetics, coupled with the high flux of atomic H through the system, are 
proposed to explain the kinetic enhancement observed. Understanding this reactivity shift helps in 
understanding how MgO/MgAl2O4 can be used in catalyst supports with no previous mention of its 
reduction by hydrogen gas mixtures under similar temperatures. 
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5.1   Abstract 
 
 A method of sealing defects in thin-film Pd-alloy composite membranes using commercially 
available glass frit powder is detailed. This technique involves application of a low melting point glass frit 
and in situ firing in inert gas to seal defects on the order of 1 mm in diameter. In this case, a glass frit with 
a melting point of 560 °C was found to produce stable seals at 520 °C during a 150 h stability test under 
pure hydrogen. Changing the feed mixture to 50 % H2, 25 % Ar and 25 % steam, however, caused 
softening and subsequent seal failure at 520 °C. However, stable operation was achieved with water gas-
shift mixtures when the temperature was reduced to 400 ºC. The seal is demonstrated to be very robust 
within ammonia decomposition membrane reactors. Even though the frit seal had direct contact with the 
catalyst bed, it was observed to be stable in an ammonia decomposition reactor at 520 °C. The catalytic 
membrane reactor obtained 98 % conversion, producing above 99 % purity hydrogen with a flux of 0.11 
mol m-2 s-1 for 150 h with no signs of seal degradation. 
 
5.2   Introduction 
 
 Palladium and its alloys have garnered significant interest in the field of hydrogen separations for 
decades due to the ability of palladium to selectively transport hydrogen while maintaining good 
structural integrity. Although other metals, including vanadium, niobium and tantalum, have also been 




induced embrittlement that is much more easily avoided in Pd-alloy systems [216,217]. Yet, 
implementation of palladium as a wide-scale hydrogen separation system has been hindered because of 
the metal's natural scarcity combined with its desirable catalytic properties, which make it one of the most 
expensive metals. 
 In an effort to reduce costs and increase the hydrogen productivity, the last few decades have 
focused heavily on the creation of thin films that are typically supported on a porous support for enhanced 
structural strength [17,18]. Synthesis techniques for these thin films essentially involve a method of 
growing the Pd film onto the support, including electroplating, electroless plating, chemical vapor 
deposition, physical vapor deposition, and sputtering [66]. Reducing the Pd thickness is desirable to 
increase flux and reduce cost, but these techniques often produce defects in the final film that decrease 
purity by allowing non-hydrogen gas species to permeate through the resultant structure. The Pd thickness 
required to produce a leak-free membrane scales with the morphology of the underlying support, and 
using electroless plating Mardilovich et al. observed that the minimum thickness is 3 times the diameter 
of the largest pore within the support [218]. In addition, supported Pd membranes are susceptible to defect 
formation during handling or extreme operation that render a membrane useless. Thus a long standing 
goal in the community has been to develop efficient techniques to repair defects introduced during 
fabrication or after subsequent use.  
 One method used for defect repair is based on the osmosis plating technique developed by Varma 
and coworkers [148,219]. In this technique, a solute, such as sucrose or a chloride salt, is cycled through 
the interior of the support being plated while the Pd plating solution is exposed to the outer surface. This 
causes an osmotic pressure gradient that forces water with the Pd plating reagents into the pores of the Pd 
film, resulting in plating within these defects and subsequently a more dense and leak-free Pd layer [220]. 
Li et al. employed the osmosis technique to repair a Pd/–Al2O3 membrane and decreased the leak to 0.5 
% of its initial value from 6.4 × 10-7 mol m-2 s-1 Pa-1 to 2.9 × 10-9 mol m-2 s-1 Pa-1 [221]. The thickness of 
the membrane, however, also increased from 7.6 μm to 10.3 μm, suggesting that this method should be 
considered for the initial membrane fabrication and preferably not any final repair. 
 To reduce the amount of palladium plated while simultaneously plating within defects, Zeng et al. 
repaired Pd membranes by separating the Pd precursor and reducing agents to opposite sides of the Pd 
film [222]. This idea, also described within a patent by Way and Hatlevik [223],  is similar in nature to 
the osmosis technique because a higher rate of reaction will be observed within the defects in the 
membrane, but has the benefit of only plating in the defects because the reducing agent only meets the Pd 
precursor within these pores. Even though the palladium thickness did not increase, Zeng et al. obtained a 




permeance of 2.8 × 10-9 mol m-2 s-1 Pa-1. Based on initial and final images of the Pd film, defects on the 
order of ca. 100 μm were completely closed after repair plating. 
 Ryi et al., on the other hand, developed a polishing technique to repair Pd-based composite 
membranes fabricated via magnetron sputtering [224]. One sample membrane was sputtered to a 
thickness of ca. 4 μm on a planar porous nickel support (PNS) and initially observed to have a helium 
leak permeance of 3.5 × 10-8 mol m-2 s-1 Pa-1. Upon polishing this film with a fine grit alumina powder, 
the helium leak rate was reduced to less than 4.5 × 10-11 mol m-2 s-1 Pa-1. However, polishing methods are 
limited to planar supports where an equal and steady pressure may be applied. Tubular substrates would 
require significant effort to polish without uneven wear due to imperfect tubular shapes and/or limitations 
with most polishing equipment. 
 For larger scale defects, Lu et al. used metallic diffusion bonding to repair a Pd-based foil 
membrane [225]. They cut a 10 mm incision into their planar 25 μm thick Pd-25Ag foils and repaired this 
fabricated defect by pressing a small Pd-25Ag foil piece over the incision and annealing in hydrogen at 
600 °C for ca. 60 h. Although this completely repaired the defect, it would be difficult to apply to a 
tubular design and requires significant palladium addition to repair a membrane. In light of the Pd cost of 
thick foils, a significantly thinner foil would be required to keep costs of repair low. 
 Thus, the work detailed here is meant to offer one more tool for membrane repair – and 
particularly to fill a gap in the current techniques. The aforementioned techniques are able to cover either 
small defects (≤ 100 μm in diameter) or defects above this size but only on planar membranes. This leaves 
a gap in the currently published database on how to repair defects greater than 100 μm on tubular 
supports, which may potentially be caused either by large defects in a ceramic or metallic filter support or 
by accidental scratches during handling of a fully fabricated film. By implementing a glass frit sealing 
strategy, we show that defects on the order of 1 mm can be effectively sealed for thin film Pd membranes 
supported on ceramic substrates. The thermal stability of these seals was evaluated for a number of 
industrially relevant membrane reactor environments including water-gas shift (WGS), steam methane 
reforming (SMR), and catalytic ammonia decomposition. 
 
5.3   Experimental 
 
5.3.1   Membrane fabrication 
 
 Tubular, asymmetric yttria-stabilized zirconia (YSZ) supports purchased from the Praxair 




Table 5.1 Membrane data. 
Membrane ID M1 M2 M3 
Active Area (cm2) 11.6 10.7 23.6 
Thickness 
(µm) 
Gravimetric 4.5 4.8 8.8 
XRF 4.5 4.9 8.7 
H2 permeance at 520 °C 
(mol m-2 s-1 Pa-0.5) 2.3 × 10
-3 2.0 × 10-3 1.3 × 10-3 
N2 permeance at 520 °C 
(mol m-2 s-1 Pa-1) 2.4 × 10
-9 9.4 × 10-10 4.4 × 10-10 
 
our recent publication [65]. Briefly, these supports had an average pore size of ca. 300 nm and were 
cleaned in ethanol and acetone solutions before plating. The supports were then activated with a Pd-
acetate solution by spray coating with an airbrush until a uniform gold color was obtained. This Pd-
acetate was then calcined in air using an open atmosphere oven at 350 °C for 30 min and reduced in 
hydrazine solution before Pd was deposited using a carbon-free electroless deposition bath. Multiple 
plating cycles were conducted until either the desired thickness or an acceptable nitrogen flux (non-
hydrogen leak rate) was achieved at 20 °C. An acceptable non-hydrogen leak permeance at room 
temperature is considered less than 10-9 mol m-2 s-1 Pa-1, but initial values are occasionally higher than this 
after heating (e.g. M1). Membrane thicknesses were determined both gravimetrically and via X-ray 
fluorescence spectroscopy (XRF) using a Fischerscope X-Ray XDLM-C4 PCB spectrometer with a Ni 
filter operating at an accelerating voltage of 50 kV. A summary of the fabricated membranes and initial 
permeance values at 520 °C can be found in Table 5.1. 
 
5.3.2   Membrane sealing technique 
 
 The sealing strategy within this work consisted of three primary steps: fabricate a defect, apply a 
frit coating, and fire the frit to seal the defect. Although the eventual goal is to locate and seal natural 
defects in the plating process, this study attempted to show the viability of the seal on well-controlled 
samples. As such, defects needed to be fabricated on leak-free surfaces so the ability of the seal to 
effectively eliminate gas leaks could be determined. To fabricate the defects, a hole was created by 
twisting a blade tip on the surface of the palladium film until a hole of approximately 1 mm diameter was 
formed. This created a well within the surface that extended into the ceramic substrate, appearing similar 
in size and shape to the Fabricated Defect label in Figure 5.1. 
 After creating the defect, a glass frit sealing solution of 1 g ml-1 glass frit in deionized water was 
mixed. The manufacturer supplied material properties of the glass frit used in this study can be found in 





Figure 5.1 Sample image showing the fabricated defect (left), applied but unfired frit (middle), and the 
seal after firing (right). 
 
maintain the suspension, the solution was always vigorously mixed immediately before application. 
Moreover, because the frit was only mixed with water, a dried solution could easily be recovered and re-
used to minimize waste of the glass frit. To apply the frit to the defect, a thin-tipped paint brush was 
dipped into the solution and then lightly applied to the defect. Quick touches to the defect allowed the 
glass frit to wick onto the support, and after one to three quick applications, the pure white frit covered 
the defect in an appearance similar to the Applied Frit label in Figure 5.1.  
 The final step involved firing of the applied frit for 90 min at the stated softening point of 560 °C 
to produce a sealed hole similar in appearance to the Fired Frit label in Figure 5.1. This was done under 
flowing nitrogen gas with a heating and cooling rate of 5 °C min-1. By performing in situ nitrogen leak 
measurements, it was apparent during our initial testing that some frit applications completely sealed the 
defect within 30 min, whereas others did not fully seal the defect until ca. 70 min. Thus, a safe and so far 
100 % effective time of 90 min was chosen for the final tests included in this study. 
 
Table 5.2 Glass frit properties. 
Company Nippon Electric Glass Co., Ltd. 
Product ID GA-12/325 
Specific Surface Area (cm2 g-1) 5423 
Mean Diameter (µm) 3.8 
Density (g cm-3) 2.94 
Coefficient of Expansion (°C-1) 7.17 × 10-6 
Transition Point (°C) 464 





 It is important to note that this technique did not use any organic binders within the frit and water 
mixture, making the firing step possible under a pure nitrogen environment. Although groups that have 
exposed Pd films to air saw no increase of non-hydrogen gases at 300 °C [88,89], exposure to 400 °C has 
shown that oxidation can increase defect size in thin Pd films and thus reduce hydrogen selectivity 
[111,113]. Whereas oxidation is only a near-surface effect, it remains possible that heavy oxidation and 
subsequent reduction can expand defects that already exist; and because this effect appears to become 
worse with increasing temperature, it can be presumed that the 560 °C required to melt the frit would 
cause irreparable damage to the Pd film. Regardless, it remains easy and effective to simply mix the glass 
frit with deionized water, making an oxygen (or otherwise heavily reducing) environment unnecessary. 
 
5.3.3   Membrane reactor operation and analysis 
 
 Once synthesized, 1.0 cm outer diameter (OD) membranes were sealed onto 1/4 inch OD 
stainless steel piping using custom-made graphite ferrules from Chromalytic Technology and stainless 
steel compression fittings from Swagelok. The sealed membranes were then placed within a 1 inch OD 
stainless steel pipe and placed in one of two Lindberg MiniMite tube furnaces, as discussed next, for 
temperature control. The feed gas entered on the shell side of the membrane and the hydrogen that 
permeated the membrane was collected from the tube side. Neither sweep gas nor vacuum condition was 
applied for any experimental result presented in this study; all permeate gases were collected at local 
atmospheric pressure (ca. 82 kPa). A schematic of the testing module can be found in Collins and Way 
[86]. 
 For the catalytic membrane reactor experiments (ammonia decomposition and steam methane 
reforming), a 0.5 % by mass Ru/Al2O3 reforming catalyst (Strem Chemicals) was packed around the 
annular space of the aforementioned membrane module and held in place by two SS mesh discs (100 
mesh). The catalyst was crushed and sieved to a -30+40 mesh (425 μm to 600 μm) and a final volume 
(mass) of 30 cm3 (25 g) was used. Finally, the catalyst was activated in flowing hydrogen at 520 ºC for 24 
h before beginning any experiment. 
 Two permeation systems were used for the experiments included in the following sections. The 
permeation system for the pure gas thermal stability and ammonia decomposition experiments consisted 
of individual Porter Instruments mass flow controllers supplying H2 (99.9 %), N2 (99 %) and/or NH3 
(99.999 %) to the feed side, as well as mass flow meters to measure both the permeate and retentate flow 
rates. All flow data was recorded to a computer using a Visual Basic code running in Microsoft Excel. 




with the tip near the inside center of the membrane. For mixed gas conditions, the permeate and retentate 
compositions were recorded via an SRI Instruments 8610C GC equipped with a 10' Hayesep D column 
and thermal conductivity detector (TCD) using H2 as the carrier gas. The purity was measured and 
recorded every 20 min, with the time interval determined by the elution time of ammonia through the 
column. Based on results from a diluted calibration gas, the TCD and Hayesep D column combination is 
suggested to have lower detection limits of ca. 0.02 % nitrogen and ca. 0.05 % ammonia in hydrogen. 
 The permeation system for the WGS, SMR, and steam tolerance experiments was the same as in 
our recent SMR publication [158]. It consisted of individual Brooks 5850i mass flow controllers 
supplying Ar (99.98 %), CH4 (99.97 %), CO2 (98 %), CO (99 %), and/or H2 (99.9 %) to the feed side, as 
well as a mass flow meter measuring the permeate flow rate. Steam was generated by metering deionized 
water into a pre-heater using a high-performance liquid chromatography (HPLC) pump controller 
(Teledyne Isco 500D). After exiting the reactor, both permeate and retentate streams passed through 
water-cooled tube-in-tube heat exchangers to condense the steam. All flow data, as well as internal 
temperature and pressure, was recorded to a computer using a DATAQ Instruments recorder. Internal 
temperature was measured via an Omega type J thermocouple inserted through the permeate line with the 
tip near the inside center of the membrane. For mixed gas conditions, the permeate and retentate 
compositions were recorded via a SRI Instruments 8610C GC equipped with a 6' Hayesep D column and 
TCD using H2 as the carrier gas. The purity was measured and recorded every 10 min, with the time 
interval determined by the elution time of CO2 through the column. Based on results from a diluted 
calibration gas, the TCD and Hayesep D column combination is suggested to have a lower detection limit 
of ca. 0.02 % for CH4, CO and CO2.  
 
5.4.   Results and discussion 
 
5.4.1   Thermal stability of the seal 
 
 To obtain a good understanding of the thermal stability of this sealing technique, two tests were 
conducted: thermal cycling (Figure 5.2) and long-term operation (Figure 5.3). The thermal cycling test 
was conducted on M1 and consisted of a total of 20 heating and cooling cycles using a rate of 10 °C min-1 
between ambient temperature (ca. 20 °C) and 520 °C with a 1 h dwell. A nitrogen permeance was 
measured at ambient temperature before and after the heating cycle, and the plotted nitrogen permeance is 






Figure 5.2 Nitrogen permeance measurements at ca. 20 °C between thermal cycling to 520 °C on M1. 
 
 Initially, the as-fabricated membrane was subjected to 5 thermal cycles, wherein stable nitrogen 
permeance between cycles was observed. A defect was then introduced into the Pd film before subjecting 
M1 to an additional 5 thermal cycles. At this point, the defect had increased the nitrogen permeance from 
an average of 2.5 × 10-9 mol m-2 s-1 Pa-1 to 1.3 × 10-8 mol m-2 s-1 Pa-1, but was still stable between thermal 
cycles. The defect in M1 was then sealed and subjected to the final 10 thermal cycles. Upon sealing, the 
nitrogen permeance was completely reduced to its original value of 2.5 × 10-9 mol m-2 s-1 Pa-1 and was not 
observed to increase, suggesting this sealing method is robust and capable of withstanding any thermal 
cycling during operation in pure hydrogen and nitrogen. 
 It is interesting to note that the coefficients of thermal expansion (CTEs) for these materials were 
not identical, suggesting that perhaps the small size of the seal prevents any issues due to CTE mismatch. 
The CTE for Pd has been reported as 12.65 × 10-6 °C-1 between 30 °C and 950 °C [226], which is slightly 
higher than the CTE values for a mole fraction of 3 % to 8 % YSZ of 10.1 × 10-6 °C-1 to 10.8 × 10-6 °C-1 at 
600 °C [227]. The frit in this study, however, was stated to be 7.17 × 10-6 °C-1 between 30 °C and 380 °C 
(Table 5.2), which is significantly lower than that of Pd. Yet, the high tolerance to thermal cycling 
without any apparent adhesion issues suggests that matching CTE values is not a critical requirement for 
maintain the integrity of the seal.  Additionally, changes in the membrane materials, such as the use of a 
Pd-alloy or alumina supports, are not hypothesized to affect the success of this sealing technique. 
 The second thermal stability test consisted of long-term operation of membrane M3 at various 
temperatures with the intention of finding a maximum operating temperature for the applied frit. This test 





Figure 5.3 Nitrogen permeance over time at several temperatures for M3 soaked in 50 kPa H2 between 
measurements. Circles represent data before sealing, whereas diamonds represent data after the defect 
was fabricated and sealed. 
 
for the permeance measurements shown in Figure 5.3. The temperature range of 520 °C to 600 °C was 
chosen specifically to straddle the frit softening (and firing) temperature of 560 °C. 
 Initially, the as-fabricated film was tested for one week at each temperature to obtain a baseline 
measurement of potential nitrogen permeance growth, plotted as circles in Figure 5.3. The nitrogen 
permeance growth rates for the as-fabricated film were very similar to those observed for un-annealed 
pure Pd membranes on the same supports in our previous work [207,228], with the growth rate being 1.2 
× 10-12 (mol m-2 s-1 Pa-1) h-1 at 520 °C and 8.7 × 10-12 (mol m-2 s-1 Pa-1) h-1 at 600 °C. Guazzone and Ma 
[229] also observed an increasing leak growth rate with temperature, reporting that the temperature 
dependence followed an Arrhenius relationship with an activation energy similar to the self-diffusion of 
Pd. 
 After obtaining the baseline data up to 600 °C, M3 was cooled and a defect was fabricated and 
subsequently sealed as before. The membrane was then re-tested beginning at 520 °C, whereat the initial 
nitrogen permeance was about equal to the last data point at 600 °C and a nitrogen permeance growth of 
8.6 × 10-13 (mol m-2 s-1 Pa-1) h-1 was observed. This slightly lower growth rate compared to before sealing 
may be attributed to the 600 °C annealing period before sealing, as we found in our previous annealing 
work [207]. More importantly, upon raising the temperature to 560 °C, the nitrogen permeance began to 
grow significantly and the frit seal appeared to fail completely within the week of testing. This suggested 
that a clear transition in operating stability will occur when the membrane temperature approaches the 




out of the defect. In other words, the upper temperature limit for practical operation is dictated by the 
softening point of the glass frit.   
 
5.4.2   WGS environments 
 
 The water gas shift reaction, CO + H2O ↔ CO2 + H2, is an important process in hydrogen 
production and conversion is equilibrium limited. By extracting H2 membrane reactors can enable this 
reaction to proceed to completion [230]. In an effort to demonstrate the potential benefits of sealing ca. 1 
mm diameter defects, membrane M2 was subjected to three days of WGS tests at 400 °C and a trans-
membrane pressure of 1.0 MPa. The gas mixture used in this instance consisted of the mole fractions 
50 % H2, 19 % H2O, 27 % CO2 and 4 % CO, with a total flow of 1.0 SLPM for the duration. Figure 5.4 
shows the results of the WGS test, wherein the membrane was heated and tested for three separate 24 h 
periods.  
 The first 24 h period was performed as a baseline on the as-fabricated membrane, meaning no 
defect or seal had been applied. This test maintained a constant permeate purity of 99.6 %, but observed a 
declining hydrogen flux. Hydrogen flux inhibition due to CO has previously been reported in the 
literature for pure Pd membranes[93,231,232], so it remains a potential reason for the decline. It is also 
possible that the initial decline was due to grain growth and annealing of the fresh Pd film. More 
important to this study, the glass frit application accounts for less than 0.7 % of the membrane area and is 
thus unlikely to alter hydrogen flux in any significant manner. 
 After the first day, a defect was introduced that caused a drop in hydrogen purity to ca. 91 % 
throughout the second day of testing. Hydrogen flux began slightly higher than the end of the first day but 
continued to decline for the duration. The membrane was then cooled and the defect sealed with frit 
before testing for the third day. This caused the hydrogen permeate purity to regain its initial 99.6 % value, 
and, interestingly, the hydrogen flux stopped declining after the first several hours of operation. A stable 
hydrogen flux was found to be 0.14 mol m-2 s-1 during the final 13 h, suggesting that the CO adsorption 
on the Pd surface had come to an equilibrium for the given gas mixture after three days of exposure. 
Moreover, the complete recovery of the initial hydrogen purity shows that the seal was completely 
effective in blocking a defect that was able to lower purity by nearly 9 %. 
 Before each day of testing, a nitrogen leak permeance was measured for M2 at room temperature 
(ca. 20 °C). These values were 1.0 × 10-9 mol m-2 s-1 Pa-1 initially, 2.7 × 10-8 mol m-2 s-1 Pa-1 after creating 
the defect, and finally 9.2 × 10-10 mol m-2 s-1 Pa-1 once the defect was sealed. Post testing analysis of the 





Figure 5.4 H2 flux and purity under WGS atmosphere at 400 °C and 1.0 MPa trans-membrane pressure 
before and after sealing M2. 
 
pressurizing the inside up to 400 kPa to look for bubbles, but no indication of any leak near the glass frit 
was observed. With the results of this test, it was concluded that the frit seal appeared stable under WGS 
conditions at 400 °C and 1.0 MPa trans-membrane pressure. 
 
5.4.3   SMR membrane reactor 
 
 A second important industrial reaction is steam methane reforming. The issue with SMR is that 
this endothermic reaction is limited by thermodynamics at the temperatures required to generate 
sufficiently fast kinetics [233]. However, catalytic membrane reactors can overcome this conflict because 
the simultaneous removal of hydrogen is able to increase thermodynamic conversion to completion [234]. 
To test the performance of the glass frit seal in an SMR environment membrane M2 was remounted with 
Ru/alumina catalyst, as described in Section 2.2, and run as a SMR membrane reactor. Because thermal 
stability testing suggested safe operation of the frit at 520 °C, this was chosen as the operating 
temperature for the furnace. The reactor conditions were similar to that of our previous work [158], with a 
steam-to-carbon ratio (SCR) of 3, trans-membrane pressure of 2.9 MPa, and a methane gas hourly space 
velocity (GHSV) of 184 h-1. Although the furnace temperature maintained an outer temperature of 520 °C, 
the internal thermocouple measured a permeate temperature of ca. 505 °C due to the endothermic nature 
of the reaction. 
 Unfortunately, as Figure 5.5 shows, a significant quantity of impurities quickly began to permeate 





Figure 5.5 SMR results for M2 with a methane feed of 0.092 SLPM (GHSV of 184 h-1) and SCR of 3. 
Reactor operated at 520 °C and a trans-membrane pressure of 2.9 MPa. 
 
one day and was only 80 % at the end of the 170 h test. Additionally, this decline in purity was coupled 
with an increase in permeate flux and thus hydrogen recovery. The hydrogen flux was observed to 
increase from 0.10 mol m-2 s-1 to 0.15 mol m-2 s-1 at the end. It was initially hypothesized that the Pd film 
may have failed, similar to the long-term test of Sarić et al. [156], wherein purity declined to 81 % after 
900 h of testing. However, once cooled and removed from the module, it was found that the glass frit seal 
on M2 had dislodged from the membrane defect and appeared a chalky white similar to the unfired glaze. 
In other words, the glass frit seal had completely failed under the SMR environment. 
 
5.4.4   Instability due to steam 
 
 Due to the failure of the seal under SMR conditions, it was hypothesized that the glass frit was 
unstable under steam environments. It was thus decided to re-seal M2 and test under a simplified steam 
atmosphere to verify. The gas mixture was chosen to contain mole fractions of 50 % H2, 25 % Ar and 
25 % H2O. It must be noted that, lacking a calibration gas for the Ar, purity was instead measured by 
assuming argon would give a similar signal as CO by the TCD. These gases have similar elution times, 
but the higher thermal conductivity of CO does mean the measured purities have some error. Instead, it is 
simply the qualitative change in purity that is important. 
 This test was run at similar conditions to the WGS experiment, with a total flow of 1.0 SLPM at 
1.0 MPa trans-membrane pressure, except that the temperature was increased to the 520 °C of the SMR 
experiment. The results of this test are shown in Figure 5.6, wherein it is clear that a sudden drop in purity 




10-9 mol m-2 s-1 Pa-1, and was observed to increase by a factor of 3 to a value of 9.0 × 10-9 mol m-2 s-1 Pa-1 
after 110 h of exposure to the steam environment. This represented a drop in an ideal H2/N2 selectivity 
from 490 to 190, and was verified at room temperature to be due to a leak emanating from around the frit 
seal.  
 One hypothesis to explain the lesser degradation versus the SMR experiment is the lack of a 
catalyst bed. During SMR, it is hypothesized that the frit softened due to water exposure and was 
subsequently able to wick onto the alumina catalyst particles. This would pull the frit from the membrane 
defect and possibly quicken its failure, as measured by hydrogen purity. However, in the argon and steam 
environment, the glass frit could not be removed due to wicking because no catalyst bed was present. Yet, 
even without a catalyst bed, the presence of steam was found to significantly affect the stability of the 
glass frit seal when operated at temperatures close to its softening point. 
 Although the seal did not completely detach as it had during the SMR test, it had visibly altered 
in color and was found to be leaking significantly. This may have suggested a change in the outer 
composition of the glass and is hypothesized to have led to a loss of adhesion with the YSZ and/or Pd. 
Changes in the composition of outer layers of glass is a well-known topic in the nuclear waste 
management community, with compositional variations due to hydration known for several glasses 
including borosilicates [235], zirconolites [236] and SON68 [237]. Ebert et al. [235], for example, studied 
the exposure of a borosilicate in steam and found that exposure at 200 °C caused the release of alkali 
metal ions and boron from the near-surface, resulting in the formation of a solid reaction layer on the 
outer layer of the glass.  
 
 
Figure 5.6 Flux and purity over time for membrane M2 exposed to 50 % H2, 25 % Ar, and 25 % H2O 





 Martin et al. [236] observed that the initial hydration and ion exchange mechanism led to an 
increase in surface area of the zirconolite, which could help explain how the seal in the current work 
failed. Our work has suggested that the glass frit does not adhere well to the Pd, which is why the hole 
into the YSZ must be formed. It is hypothesized that the contact with the YSZ is what creates the 
adhesion necessary to form a durable leak-tight seal. Yet, a small adhesion is probably necessary with the 
Pd, otherwise gas might be able to seep under the frit/Pd layer and make its way through the support. 
Thus, one hypothesis for the failure seen here is that a change in the surface roughness of the frit caused a 
loss of adhesion to the Pd, which then allowed gas to seep through the defect and cause a loss in purity. 
Although the nature of this degradation is not intended to be a primary topic of the current work, it would 
certainly be of importance should this method of sealing membranes be used in an environment where 
steam is necessary. 
 
5.4.5   Ammonia decomposition membrane reactor 
 
 Among hydrogen storage materials, ammonia has the advantages of a high hydrogen density, a 
well-developed technology for synthesis and distribution, and easy catalytic decomposition [45]. 
Membrane reactors are attractive for onboard H2 delivery, providing decomposition and purification in a 
compact footprint. To further test the limits of the proposed sealing strategy, the stability of the glass frit 
seal was evaluated in the reactive reducing environment of an ammonia decomposition membrane reactor. 
The frit seal on M2 that failed during the steam exposure was removed and subsequently replaced with a 
new application to once again re-seal the initially fabricated defect. Then, M2 was remounted in a new 
shell using the same Ru/Al2O3 catalyst recovered from the SMR experiment and subjected to a 150 h 
ammonia decomposition membrane reactor test (Figure 5.7).  
 In a continued effort to push the thermal stability limits, the temperature of the reactor was once 
again set to 520 °C. The trans-membrane pressure, however, was reduced to 0.4 MPa due to vapor 
pressure limitations of the feed ammonia coupled with a necessary pressure drop for stable MFC 
operation. The feed was fixed at a GHSV of 360 ml g-cat-1 h-1 (300 h-1), which provided a 98 % 
conversion, as seen in Figure 5.7. Under these conditions, the membrane was able to continuously recover 
66 % of the hydrogen produced with a flux of 0.11 mol m-2 s-1. Alternatively, one could consider the 







Figure 5.7 Ammonia decomposition CMR results for membrane M2, operated at 500 °C with a trans-
membrane pressure of 0.4 MPa and feed of 0.15 SLPM (GHSV of 300 h-1 or 360 ml g-cat-1 h-1). 
 
 These results compare well to literature values from Zhang et al. [49] and Israni et al. [62] who 
both used similar thin-film Pd-based CMR designs without the use of a sweep gas in the permeate stream 
(Table 5.3). In this comparison, each reactor was operated at ca. 500 °C and 400 kPa trans-membrane 
pressure, producing similar hydrogen purities above 99 %. 
 The comparison with Zhang et al. [49] shows that although the ammonia conversion, hydrogen 
purity and hydrogen flux were nearly identical, the hydrogen recovery was 91 % for Zhang et al. but only 
66 % for the current study. This can be attributed to the difference in the membrane area-based GHSV, 
along with differences in the pure hydrogen membrane permeance. Within Table 5.3, the catalyst GHSV 
is the traditional metric for describing a reactor throughput; this shows that Zhang et al. used a GHSV ca. 
5.5 times larger than the current study. However, membrane area is also an important factor when using a 
CMR. If the membrane area is used instead of the volume of catalyst, one can obtain the membrane 
GHSV shown in the table. This shows that the current study fed 33 % more ammonia than Zhang et al. 
 
Table 5.3 Comparison of ammonia reactor results with the literature at similar conditions. 
 Zhang et al. [49] Israni et al. [62] This study 
Temperature (°C) 500 500 520 
Pressure (kPa) 400 400 400 
Catalyst GHSV (ml g-cat-1 h-1) 2000 250 360 
Membrane GHSV(ml cm-2 h-1) 640 910 850 
Purity (%) 99.6 99.4 99.2 
Conversion (%) 99 91 98 
Recovery (%) 91 74 66 
Flux (mol m-2 s-1) 0.11  0.11 




[49], which may explain the 25 % reduction in recovery for our CMR. Additionally, Zhang et al. had a 
significantly higher pure hydrogen permeance at 500 °C of ca. 5 × 10-3 mol m-2 s-1 Pa-0.5, compared to the 
2.0 × 10-3 mol m-2 s-1 Pa-0.5 at 520 °C of the current study. It is quite possible that differences in hydrogen 
recovery are due more to membrane permeance limitations rather than catalyst kinetics. 
 In terms of the slightly lower hydrogen recovery of 66 % here versus the 74 % by Israni et al. 
[62], this may potentially be due to differences in the reactor module design and total utilization. Overall, 
Israni et al. had a significantly longer and thinner module design, using a 1.52 cm ID shell with a 30.5 cm 
long membrane. This is in contrast to the 2.4 cm ID shell and 10.7 cm long membrane used here. 
Although their membrane was also significantly thinner at 2 mm OD versus 1.0 cm OD here, these 
differences may account for significantly different flow patterns within the reactor that helped them 
achieve a higher hydrogen recovery. Additionally, a slightly higher recovery is in contrast to their slightly 
lower overall reactor productivity of 3.4 mol m-3 s-1 versus 3.6 mol m-3 s-1 in this study. Although very 
similar, one can argue that a higher productivity will likely be linked to worse concentration polarization 
effects, even if the reactors were the same design. Finally, Israni et al. [62] did state that they observed 
severe concentration polarization effects for some conditions that limited their hydrogen recovery and 
overall reactor productivity, and it is reasonable to assume that the CMR in the current study suffered 
from similar issues. 
 The reported conversion in this study was slightly higher than the equilibrium value of 97.8 % at 
520 °C and 0.5 MPa. However, this can be attributed to a small shift in equilibrium due to the constant 
removal of hydrogen through the membrane, similar to results observed for other ammonia decomposition 
CMR studies [59,60]. Ammonia decomposition is known to be an exception to Le Châtelier's principle, 
but this is only true for the addition of nitrogen to the system [238]. In essence, removal of hydrogen can 
be viewed similar to addition of nitrogen, which above a critical value actually causes more nitrogen to be 
formed. Thus, any CMR design that removes hydrogen has the capability to drive the reaction to 
completion. 
 Finally, the pure nitrogen permeance at the end of testing was 3.0 × 10-10 mol m-2 s-1 Pa-1, which is 
identical to the value reported for the argon and steam test of Section 3.4. This permeance gave an ideal 
H2/N2 selectivity of 540 at 100 kPa and showing that the seal had not degraded during operation. It is 
interesting to note that only a slightly lower hydrogen purity was observed in this study, yet Zhang et al. 
[49] reported an ideal selectivity above 5000 and Israni et al. [62] reported 6600. Even with an order of 






5.5   Conclusions 
 
 In this study, we introduced a method of sealing defects in thin-film Pd-alloy composite 
membranes using commercially available glass frit powder with a 560 °C melting point. This technique 
involves application of a low melting point glass frit without the use of a binder, allowing for in situ firing 
in inert gas. The absence of an organic binder prevents the required use of oxygen during firing that 
would otherwise heavily oxidize the Pd membrane. This method was used to seal defects on the order of 1 
mm in diameter, and was observed to be stable during the 150 h pure hydrogen test at 520 °C, as well as 
impervious to thermal cycling between room temperature and 520 °C. Yet, the nitrogen leak rate was 
observed to increase rapidly when tested at 560 °C, suggesting that an upper temperature limit for the 
glass frit can be estimated based on its melting point.  
 Steam, however, was observed to soften the frit and cause seal failure within a couple of days 
even when operated below the melting point of the frit. Visual inspection suggested that steam was able to 
absorb into the previously fired frit and revert it to a chalky substance similar to a wet, but unfired, frit. 
This caused a loss of adhesion to the Pd film and ceramic support, leading to the failure of the seal. Thus, 
for applications in steam containing environments, such as WGS or SMR, the operating temperature must 
be reduced significantly below the frit melting point. For the frit in this study, stable operation for WGS 
was observed at 400 ºC, or 160 ºC below the melting point. 
 Alternatively, the seal was demonstrated to have excellent performance in reducing environments 
such as ammonia decomposition membrane reactors. Even though the seal had direct contact with the 
catalyst bed, the frit seal was observed to be stable in an ammonia decomposition CMR at 520 °C for 150 
h of continuous testing. This suggests that reducing environments act similarly to pure hydrogen from the 
perspective of frit stability, and thus operating temperature can be predicted directly from the frit melting 
point. Here, the CMR obtained 98 % conversion, producing above 99 % purity hydrogen with a flux of 
0.11 mol m-2 s-1 for 150 h with no signs of seal degradation. These reactor conditions were compared to 







GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
 Throughout this work, the operational and materials requirements for Pd-based hydrogen 
separation membranes have been discussed. In all, a composite Pd membrane has two primary sources of 
potential flux inhibiton: gas-related effects and strong support-metal interactions. After exploring both of 
these effects in detail, the general conclusion is that Pd membranes supported on a YSZ base can be used 
effectively in ammonia decomposition CMRs, although the technology may need a few improvements 
before implementation on an industrial scale. 
 Gas-related effects can mean either from competitive adsorption preventing hydrogen 
dissociation on the Pd surface (explored in Chapter 2), or a surface smoothening effect (explored in 
Chapter 3). In terms of ammonia decomposition, Chapter 2 showed that hydrogen flux is essentially not 
affected by nitrogen or ammonia exposure, which was contrary to some previously published results. Yet, 
after controlling the surface structure by oxidation of the surface, hydrogen flux was unaffected in our 
experiments. Furthermore, Chapter 3 explored some surface rearrangement that appears to be enhanced, 
or caused by, high-pressure gas exposure well above 1.0 MPa. The effects were shown to smoothen the 
surface and appeared to be worse for higher molecular weight gases, likely due to an increase in the 
atom's momentum. Fortunately, these effects would be limited and perhaps even negligible at pressure for 
ammonia decomposition, which are limited by the vapor pressure of the ammonia feed to around 0.5 
MPa. 
 The strong metal-support interaction was explored in Chapter 4, wherein a reduction of the 
ceramic support caused severe hydrogen flux loss. It was observed that permeating hydrogen was 
required, but when this permeating hydrogen was exposed to a MgO/MgAl2O4 support the support was at 
least partially reduced and Mg alloyed with the Pd film. The Mg that entered the Pd film segregated to the 
surface, effectively blocking hydrogen dissociation and absorption into the film. This type of behavior 
was not observed on a yttria-stabilized zirconia support, even as high as 700 °C. Thus, any ammonia 
decomposition CMR should use a Pd/YSZ membrane for the best success. 
 The final topic of discussion was in sealing defects in Pd films supported by a YSZ ceramic. This 
sealing strategy is suggested as a potential repair method when scaling production to large Pd composite 
membranes. The support manufacturing  and Pd plating processes are likely to produce films with large 
defects due to a bump in the ceramic during the extruding process or a scratch on the Pd surface during 




defect and thus reducing overall production costs by minimizing waste. A sealed membrane was mounted 
into a CMR module and ammonia decomposition was performed for 150 h. This managed to produce a 
98% conversion of ammonia with 66% hydrogen recovery and 99% purity. 
 
Based on the final ammonia decomposition CMR test, a few improvements can be suggested for 
improving the practical application aspects of this work:  
 
(1) Hydrogen Recovery: the low hydrogen recovery may be improved by optimization of the reactor 
design (geometry) and thus reduce overall cost of a reactor. The module used in this study was not 
optimized and a 66% hydrogen recovery may be too low considering the large waste of hydrogen. Some 
of this hydrogen could be subsequently burned to maintain the reactor temperature, but the 66% in this 
study is likely too low for an economical reactor design. Three primary variables affect the recovery: (i) 
the total feed flowrate of ammonia, (ii) the reactor radius (distance from outer wall to membrane surface) 
and (iii) the permeance of the Pd membrane. Although not explored in this document, one method of 
trying to opimize everything may involve the use of non-dimensional numbers that can relate the 
timescales of hydrogen permeance along the membrane and ammonia conversion in the catalyst bed. 
Nevertheless, the following can be considered as a good start to improving the results seen in this 
document: 
(i) Given a specified geometry and membrane permeance, the feed rate of ammonia can simply be 
lowered until a high hydrogen recovery is achieved, but this is not a good variable to optimize 
first because it can easily result in low reacor productivity; in other words, this variable should be 
considered last because the membrane and reactor geometry will help allow a higher feed rate of 
ammonia to be converted and thus reduce overall cost. More important are the membrane 
permeance and reactor geometry.  
(ii) A higher membrane permeance will likely result in better performance because it will be able 
to permeate all hydrogen that reaches the membrane surface. However, reactor geometry is still 
very important because if the shell radius is too large then hydrogen cannot effectively diffuse to 
the membrane surface and thus a situation will arise wherein hydrogen cannot be removed due to 
gas phase diffusional limitations regardless of how good the hydrogen permeance of the 
membrane is. In fact, membrane permeance should likely be considered in tandem with the 
reactor geometry because decreasing hydrogen permeation limitations in one may allow for 




(iii) In this study, the limiting factor was most likely the catalyst bed radius between the shell and 
the membrane surface, which introduced hydrogen diffusional limitations and caused the 
membrane to underperform. Optimization of reactor geometry is primarily focused on reducing 
the catalyst bed radius because this can greatly reduce radial hydrogen gradients and allow for 
more efficient use of the membrane in the reactor. Thus, this aspect is suggested as the first step 
in optimization, followed by any attempts at increasing hydrogen permeance in the Pd films, and 
lastly is the operational ammonia feed flow rate. An optimized reactor geometry design should be 
able to decrease concentration polarization effects and other mass transfer limitations within the 
catalyst bed, which would result in a combination of a higher hydrogen productivity (flux), higher 
ammonia conversions (approaching 100%), and higher hydrogen recoveries (above 80%).  
(2) Hydrogen Purity: a hydrogen purity of 99% may still be too low for effective use if the goal is ultra-
high purity for fuel cell applications. Two options exist to improve this: improved Pd plating, or increased 
Pd film thickness. Increasing the Pd thickness simply allows more small defects in the Pd film to be 
covered, but it comes at the cost of increasing the Pd inventory and reducing hydrogen flux (and thus 
reactor productivity). Alternatively, a critical research focus on the supports may result in improvements 
to the pore size and distribution of the porous ceramic tubes. After decades of improvements to the Pd 
electroless plating process, it seems that the underdeveloped region is still the porous ceramic supports. 
Because the thin Pd films must effectively cover the pores in the support, quality control in terms of an 
optimized pore size and pore uniformity on the surface are critical to fabricating a high hydrogen 
selectivity membrane. Unfortunately, far more research has been focused on Pd film quality rather than 
support quality, leading to a wide range of Pd membrane purities in the literature even amongst similar 
plating techniques in recent studies. 
(3) Pd-alloy Options: although not discussed in this research, PdAg alloys have a potential to reduce cost 
of the membrane by using the low-cost Ag to replace a portion of the Pd inventory. From a gas adsorption 
perspective, alloying with Ag should have even less competitive adsorption with nitrogen and ammonia, 
so should act similar to the Pd films studied here. Additionally, PdAg films actually increase hydrogen 
flux, which may actually increase the productivity of the CMR over a pure Pd film. 
 
 In addition to the more practical approaches left unfinished in this work, several more 
fundamental questions remain to be explored as well. These questions pertain in particular to Chapters 3 
and 4, because Chapters 1 and 5 were more practical in nature and seem fully addressed. For instance, the 
desire to explore hydrogen flux inhibition by nitrogen or ammonia was fully addressed in Chapter 2 




effectively in ammonia decomposition experiments. Furthermore, the sealing work of Chapter 5 detailed a 
fully functional technique with applicability in non-steam environments. Obviously, the issue with steam 
softening the seal could be further addressed for applications in alternative reactor/separator 
environments, but the choice of frit can be said to focus on the final application temperature. Steam will 
only soften the frit down to an unspecified temperature below the traditional melting point, and using a 
higher melting point frit may easily allow for exposure to any operating temperature and gas mixture. 
Chapters 3 and 4, however, contained some peculiar observations that may benefit significantly from 
further experiment and/or theoretical studies. 
 
(4) Chapter 3 (High-pressure gas bombardment): the section detailing a smoothening of the Pd surface by 
high-pressure exposure to higher molecular weight gases was an unexpected observation and could 
potentially use some further studies.  
(i) After seeing a reduction in hydrogen permeance, some of the reduction was observed to 
recover but this took several hours in pure hydrogen. Yet, the reason for the recovery is not 
immediately clear. It has been proposed that the recovery involves the expansion of the Pd lattice 
that allows for a faster sorption rate into the Pd film, but to our knowledge no literature has 
actually described this process using either experimental or simulated results. Furthermore, a 
clear explanation of this phenomena might also explain why some literature results have shown 
that hydrogen permeation initially increases when testing, whereas our group has seen the 
hydrogen permeance begin high and then decrease over time when the temperature of operation is 
high (above ca. 600 °C). Is the difference simply related to the as-plated Pd surface morphology? 
(ii) The high pressure soaks on the thin-film Pd membranes all occurred on the upstream side, 
consequently affecting the absorption into the film. It would be quite interesting to run these 
experiments in reverse to see if hydrogen permeation was also significantly affected if 
smoothening only occurs on the downstream side and thus should only affect desorption out of 
the film. In other words, could this type of experiment provide information on the relative 
importance of absorption and desorption processes of hydrogen in Pd films? 
(5) Chapter 4 (Support/membrane interactions): in this work, we observed a reduction of a magnesium-
containing oxide when exposed to permeating hydrogen, but several of the crucial variables were left 
uncontrolled.  
(i) The primary result left unexplored in this work was a critical experiment for showing whether 
direction of permeation mattered; the permeation of hydrogen was always towards the support, 




simple experiment involving permeation from the other direction might have proven that 
downstream hydrogen is the reactive species because it is essentially being forced to leave the Pd 
surface by incoming hydrogen from behind – upstream hydrogen would be gas-phase and perhaps 
does not induce a greater reactivity of hydrogen on the Pd surface.  
(ii) Furthermore, the ceramic support contained a mixture of MgO and MgAl2O4. Because of this, 
it was never determined if only one component was decomposing, or if both were required for the 
effect to be observed. Additionally, based on the use of these ceramics as high-temperature 
catalyst supports, it is also possible that the firing conditions and resultant grain (crystallite) size 
of the ceramic may have been important in the observed phenomena. If the study could be 
completely controlled, then the ceramics processing variables would be the obvious next choice 
to explore. In particular, changing firing temperature and using different mixtures of the oxides 
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